Genetic, environmental, and behavioural factors underlying differential growth and alternative reproductive tactics in Chinook salmon, Oncorhynchus tshawytscha. by Forest, Adriana
University of Windsor
Scholarship at UWindsor
Electronic Theses and Dissertations
11-7-2015
Genetic, environmental, and behavioural factors
underlying differential growth and alternative
reproductive tactics in Chinook salmon,
Oncorhynchus tshawytscha.
Adriana Forest
University of Windsor
Follow this and additional works at: http://scholar.uwindsor.ca/etd
This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor students from 1954 forward. These
documents are made available for personal study and research purposes only, in accordance with the Canadian Copyright Act and the Creative
Commons license—CC BY-NC-ND (Attribution, Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the
copyright holder (original author), cannot be used for any commercial purposes, and may not be altered. Any other use would require the permission of
the copyright holder. Students may inquire about withdrawing their dissertation and/or thesis from this database. For additional inquiries, please
contact the repository administrator via email (scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.
Recommended Citation
Forest, Adriana, "Genetic, environmental, and behavioural factors underlying differential growth and alternative reproductive tactics in
Chinook salmon, Oncorhynchus tshawytscha." (2015). Electronic Theses and Dissertations. Paper 5520.
!!
 
 
Genetic, environmental, and behavioural factors underlying differential growth and 
alternative reproductive tactics in Chinook salmon, Oncorhynchus tshawytscha. 
 
By 
Adriana Rosa Forest 
A Thesis  
 
Submitted to the Faculty of Graduate Studies  
through the Great Lakes Institute for Environmental Research 
in Partial Fulfillment of the Requirements for 
the Degree of Master of Science  
 at the University of Windsor !!!
Windsor, Ontario, Canada 
2015 
 
©  2015 Adriana Forest 
!Genetic, environmental, and behavioural factors underlying differential growth and 
alternative reproductive tactics in Chinook salmon, Oncorhynchus tshawytscha. 
by 
Adriana Rosa Forest 
APPROVED BY: 
______________________________________________ 
Dr. Oliver Love  
Department of Biological Sciences 
 
______________________________________________ 
Dr. Daniel Heath  
Great Lakes Institute for Environmental Research 
 
______________________________________________ 
Dr. Trevor Pitcher,  Co-Advisor 
Department of Biological Sciences 
Great Lakes Institute for Environmental Research 
 
 
 
 
______________________________________________ 
Dr. Christina Semeniuk, Co-Advisor 
Great Lakes Institute for Environmental Research 
 
 
!
 
 
August 6, 2015
! iii!
DECLARATION OF CO-AUTHORSHIP !
I hereby certify that this thesis incorporates material that is the result of joint research, as 
follows: chapter 2 was co-authored with my co-supervisors Dr. Trevor Pitcher and Dr. Christina 
Semeniuk as well as Dr. Daniel Heath. Chapter 3 was co-authored with my co-supervisors Dr. 
Trevor Pitcher and Dr. Christina Semeniuk as well as Mitchell Dender. 
I am aware of the University of Windsor Senate policy on authorship and I certify that I 
have properly acknowledged the contribution of other researchers to my thesis, and have obtained 
written permission from my co-authors to include the above materials in my thesis.  
I certify that, with the above qualification, this thesis, and the research to which it refers, 
is the product of my own work, completed during my registration as a graduate student at the 
University of Windsor. 
I certify that, to the best of my knowledge, my thesis does not infringe upon anyone’s 
copyright nor violate any proprietary rights and that any ideas, techniques, quotations, or any 
other material from the work of other people included in my thesis, published or otherwise, are 
fully acknowledged in accordance with the standard referencing practices. Furthermore, to the 
extent that I have included copyrighted material that surpasses the bounds of fair dealing within 
the meaning of the Canada Copyright Act, I certify that I have obtained a written permission from 
the copyright owner(s) to include such material(s) in my thesis and have included copies of such 
copyright clearances to my appendix.  
I declare that this is a true copy of my thesis, including any final revisions, as approved 
by my thesis committee and the Graduate Studies office, and that this thesis has not been 
submitted for a higher degree to any other University or Institution. 
 
 
!
!
!
!
!
!
!
!
!
! iv!
ABSTRACT !
Alternative reproductive tactics (ARTs) in salmonids are influenced by 
differential growth amongst individuals. In Chinook salmon, Oncorhynchus tshawytscha, 
males develop into large “hooknose” males and smaller, precocious “jacks.” The 
production of jacks is influenced by genetics, environment, and possibly behaviour (i.e., 
aggression). I examined genetic, environmental, and behavioural factors underlying 
ARTs in Chinook salmon. By using a full-factorial breeding design, I found that jacking 
rate was explained by negative maternal, 12% additive, and 0% non-additive effects. I 
found that dams originating from low performance genetic lines produced families with 
higher jacking rates. I found that both rearing environment and sire ART influenced 
growth and variation in growth of offspring, respectively, and that these factors affected 
the aggression of offspring, which ultimately impacted their feeding success. Together, 
these results have implications for future research in the field of ARTs as well as for 
applications within the aquaculture industry. 
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Chapter 1: General Introduction 
1.1 Intro to alternative reproductive tactics (ARTs) !
 The reproductive success of males across the animal kingdom is often limited by 
the availability of females. This creates an opportunity for reproductive competition 
among males within a species for attention from and access to females (Amundsen 2000). 
Sometimes, male competitors within a species respond in different ways to this 
reproductive competition. This differential response, which may occur in the form of 
alternative phenotypes and mating behaviours, can lead to the evolution of alternative 
reproductive tactics (ARTs; Taborsky et al. 2008). ARTs are defined as “traits selected to 
maximize fitness in two or more alternative ways in the context of intraspecific and 
intrasexual reproductive competition” (Taborsky et al. 2008). ARTs occur in multiple 
taxa, including insects, amphibians, fish, primates, and birds (Taborsky et al. 2008). For 
example, male ruffs, Philomachus pugnax, may adopt a mating strategy whereby an 
individual defends a mating territory, or lek, for female courtship. Alternatively, males in 
this species may also temporarily share mating territories with resident males rather than 
defending their own (Lank and Smith 1987). Similarly, in the horned beetle, 
Orthophagus taurus, males with large horns defend mating territories, whereas males that 
develop rudimentary horns “sneak” into these mating territories in order to gain access to 
females (Emlen 1997). ARTs may evolve within a species when pursuing different 
mating tactics results in increased fitness (Taborsky et al. 2008). While having access to 
females is beneficial, it is also costly— the development of signals and structures to 
obtain mates, and the investment in parental care, can be energetically demanding. 
Individuals that adopt a parasitic tactic, like in the horned beetle mentioned above, where 
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they “sneak” mating opportunities from other males, may gain access to mates or 
fertilization without paying these costs (Taborsky et al. 2008). The number of sneakers 
may remain low in a population due to frequency-dependent selection, where an increase 
in the number of sneakers would decrease their overall fitness (Berejikian et al. 2010). 
However, there are benefits to adopting either tactic, allowing both to persist 
evolutionarily.  
1.2 ARTs in fish !
 Among all vertebrate taxa, the phenomenon of ARTs is particularly common in 
fish (Taborsky 2008). This can be attributed to the fact that the majority of fish species 
take part in external fertilization, where gametes are released into the water column for 
fertilization. Because of this, mate guarding is difficult and it becomes easier for 
competitors to access fertilizable eggs (Taborsky 2008). As well, because fish are 
indeterminate growers, there may be great variation in size amongst males of a species 
(Taborsky 2008). Because of their mode of fertilization and potential variation in size, 
ARTs in fish often evolve in the form of large “parental” males that monopolize access to 
females, and exploitation of these males by “sneaker” or “parasitic” males (Taborsky 
2008). This form of ARTs occurs within multiple fish species, including: bluegill sunfish, 
Lepomis macrochirus (Gross 1991 a), bluehead wrasse, Thalassoma bifasciatum (Semsar 
et al. 2001), shell-brooding cichlids, Lamprologus callipterus (Sato et al. 2004), common 
goby, Pomatoschistus microps (Magnhagen 1998), peacock blenny, Salaria pavo 
(Oliveira et al. 2001), and multiple species of salmonids (Taborsky et al. 2008). In 
salmonids, the “decision” to adopt either a parental or sneaking tactic may be influenced 
by growth rate (Hutchings and Myers 1994). Males with a higher growth rate may 
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sexually mature at a smaller size earlier in life, adopting a sneak tactic, leaving males 
with a slower growth rate to adopt a parental role due to their delayed reproduction and 
prolonged growth (Gross 1991 b).  
1.3 ARTs in Chinook salmon !
 A specific example of a salmonid species that exhibits ARTs is Chinook salmon, 
Oncorhyncus tshawytscha (Heath 1992). In Chinook salmon, males may develop into one 
of two possible fixed alternative phenotypes: large “hooknose” (Gross 1985) males 
(parental males) who are thought to be favoured by females during spawning (Berejikian 
et al. 2000), and smaller, parasitic “jacks” (Healey 1991) who sneak fertilizations during 
spawning events (Berejikian et al. 2010). Hooknoses reach sexual maturity later in life 
than jacks, who precociously sexually mature (Berejikian et al. 2010). Chinook salmon 
are semelparous, meaning they survive until sexual maturity and participate in only one 
reproductive event. Thus, individuals will not continue to grow following sexual 
maturation. Because of this, hooknoses will have a greater amount of time to grow, 
lending to their larger size, than jacks, who may sexually mature after only one year in 
sea water (Heath et al. 1994). As well, while hooknoses invest heavily into their large 
body size compared to gonad size, jacks invest relatively more into gonads than body size 
(Flannery et al. 2013). This may be due to jacks spawning further away than hooknoses 
from females in the wild (because they are often attacked by hooknose males during 
spawning), making high sperm quality necessary for the fertilization success of these 
precociously sexually maturing males (Flannery et al. 2013).  
! 4!
 “Jacking” refers to the rate at which male Chinook salmon sexually mature after a 
minimum of one year in saltwater, and one year before females in the same cohort (Heath 
et al. 1994). In Chinook salmon, males are born in freshwater, migrate out to seawater as 
smolts, and then return to their natal freshwater habitats where sexual maturation takes 
place. It is known that jacking is influenced both by genetics (maternal, or dam, and 
paternal, or sire, effects) and environment (factors that affect growth and development), 
as well as gene by environment interactions (Heath et al. 1994). As well, it is possible 
that there is a behavioural factor underlying precocious sexual maturation in this species, 
as increased aggression has been observed in sexually maturing jacks (Heath 1992); 
however this component has yet to be thoroughly studied.  
1.4 Differential growth rates and ARTs !
 As mentioned above, fish are indeterminate growers, meaning that variation in 
body size often exists amongst individuals within a species (Taborsky 2008). Studies 
pertaining to factors affecting growth rate in fishes have demonstrated that differential 
growth rates are influenced by: (1) environmental factors such as food availability 
(Vainikka et al. 2012, Ryer and Olla 1996) and water temperature (Brett et al. 1969, 
Heath et al. 1994, Handeland et al. 2008); (2) physiological factors that affect growth 
efficiency such as metabolic rate (Higgins 1985, Skalski et al. 2005) and conversion 
efficiency (Lister and Neff 2006); (3) behavioural factors that affect access to resources 
such as dominance or aggression (Metcalfe 1998, Huntingford et al. 1990, Heath 1992); 
(4) or by genetic factors such as maternal and paternal effects (Eilertsen et al. 2009, 
Garant et al. 2003, Berejikian et al. 2011, Chernoff and Curry 2007, Martyniuk et al. 
2003).  This variation in body size amongst individuals within a species is often an 
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important underlying factor in the adoption of alternative life history pathways, including 
ARTs in the manner discussed above.  
 In Chinook salmon, differential growth rates have an effect on precocious 
maturation, or jacking rates. Studies by Heath et al. (1991, 1996) have demonstrated that 
the weight-frequency distribution of Chinook salmon offspring becomes bimodal prior to 
sexual maturation of jacks. In these studies, the individuals within the upper, higher-
weight group of the distribution consisted primarily of individuals that became jacks. 
Heath et al. (1996) also found that jack offspring had significantly higher relative growth 
rates compared with females and hooknose males and that this increased growth rate 
became evident five months prior to sexual maturation of jacks. The elevated growth rate 
experienced by jacks may be a physiological trigger that affects precocious sexual 
maturation in Chinook salmon, and may be affected by genes, the environment, 
behaviour, or a combination of these factors.  
1.5 Genetic factors underlying differential growth rates and ARTs !
 ARTs and the mechanisms that produce them have been described as being 
influenced by underlying genetic factors in birds (Tuttle 2003), insects (Ruppell and 
Heinze 1999), reptiles (Sinervo and Zamudio 2001), and fish (Zimmerer and Kallman 
1989) including salmonids (Berejikian et al. 2011; Heath et al. 1994, 2002; Garant et al. 
2003). Growth rates, which influence ARTs in multiple species of salmonids, are affected 
by genetic factors including maternal and paternal contributions (Berejikian et al. 2011, 
Heath et al. 2002, Chernoff and Curry 2007, Kause et al. 2003, Martyniuk et al. 2003). 
Previous studies in Chinook salmon have demonstrated that both size- and age-at-
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maturity are influenced by genetic factors. In particular, a large genetic contribution of 
the sire, or additive genetic component, underlying jacking has been demonstrated in this 
species. A study by Heath et al. (2002) investigated jacking amongst genotypically male 
(XY) and female (XX) male offspring, and found that XY males were much more likely 
to become jacks, indicating an influence of the Y-chromosome underlying jacking. As 
well, this study used a half-sib breeding design in order to investigate the additive 
component of dam and sire effects underlying jacking and found that the additive genetic 
contribution of the sire was much higher than that of the dam.  
 The previous genetic research in salmonids pertaining to species that exhibit 
ARTs have used both jack and hooknose sires within experimental breeding designs and 
have demonstrated a significant genetic contribution of the sire, but not the dam, to both 
jacking rate and offspring growth (Heath et al. 1994, 1999, 2002; Garant et al. 2003; 
Eilertsen et al. 2009). A study by Berejikian et al. (2011) found that individuals sired by 
jacks were significantly larger on average as juveniles (wet weight of 4.54 g and fork 
length of 74.5 mm) compared with individuals sired by hooknoses (wet weight of 4.19 g 
and fork length of 72.5 mm) as juveniles (approximately 9 months post-fertilization). 
Further, a study by Heath et al. (1994) found that offspring sired by jacks had 
significantly higher growth rates and were more likely to precociously sexually mature 
compared with individuals sired by hooknoses. Although the additive effects underlying 
jacking have been studied in this species, the non-additive effects underlying jacking 
have yet to be studied and this information may provide further insight into the 
mechanisms underlying jacking.  
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1.6 Environmental factors underlying differential growth rates and ARTs !
 The adoption of ARTs may also be influenced by environmental factors. For 
example, in Trinidadian guppies (Poecilia reticulata), males will choose to adopt a sneak 
tactic rather than display to females for copulation success in the presence of predators 
(Godin 1995). Environment may also play a role in determining relative growth rates of 
offspring as well as adoption of alternative reproductive tactics. For example, in the 
horned beetle (Onthophagus taurus), food availability has an influence on body size, 
which influences horn size of males that adopt ARTs (Emlen 1994). As well, in the 
European earwig (Forficula auricularia), males of ARTs differ in forceps length, which 
is dependent upon an interaction between protein availability (diet) and family identity 
(genetics; Tomkins 1999). This is known as condition-dependent ARTs. 
 Similarly, in salmonids, growth rate as well as adoption of ARTs may be affected 
by differential rearing environments and gene-by-environment interactions. Heath et al. 
(1994) found an environmental component underlying jacking in Chinook salmon, where 
offspring that were raised in high temperature (accelerated growth) environments had 
higher growth rates and were more likely to precociously sexually mature compared with 
those raised in control environments. This was particularly true for individuals that were 
sired by jacks compared with those sired by hooknoses, indicating a gene-by-
environment interaction (Heath et al. 1994).   
1.7 Behavioural factors underlying differential growth rates and ARTs !
 Behavioural differences amongst individuals that adopt ARTs may also affect 
their subsequent life history pathways. For example, the monitoring of behavioural 
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patterns in male African Cape ground squirrels (Xerus inauris) such as differences in 
time spent moving and feeding has provided insight into the evolution of alternative 
reproductive tactics within this species (Scantlebury et al. 2008). “Dispersed” vs. “natal” 
males within this species were found to be less active and spent less time foraging, which 
may reflect underlying factors (such as energetic costs) influencing the “choice” to adopt 
either tactic (Scantlebury et al. 2008). In salmonids, where growth rate is an important 
factor underlying adoption of ARTs, it may be important to study behaviours that have an 
effect on access to food resources.  
 In Chinook salmon, increased aggression has been observed in sexually maturing 
jacks (Heath 1992). However, the possibility that a behavioural mechanism underlying 
increased growth and ARTs, in the form of differential aggression amongst individuals, 
has not been studied in this species. Increased aggression allows individuals to gain 
access to a greater share of a limited food resource compared with less aggressive 
individuals (Wong et al. 2008, MacLean and Metcalfe 2001, MacLean et al. 2000, 
Metcalfe 1986). The increased intake that they experience will then lead to a higher 
growth rate in these individuals (Huntingford et al. 1990). In environments with limited 
food availability, individuals that are highly aggressive will interfere with the intake of 
less aggressive individuals (Rubenstein 1981), leading to growth depensation or bimodal 
weight-frequency distribution, where certain individuals (those that are relatively more 
aggressive) will have a higher growth trajectory. In Chinook salmon, these individuals 
may then be more likely to precociously sexually mature as jacks (Heath et al. 1991, 
1996).  
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1.8 Thesis objectives !
 The objectives of my master’s research were to: (1) examine the genetic 
architecture, including additive and non-additive effects, underlying jacking in Chinook 
salmon using a full-factorial breeding design (Chapter 2); and (2) examine factors such as 
rearing environments and sire ART that can promote behavioural aggression, influence 
feeding success, and affect growth rates of Chinook salmon offspring during the 
freshwater rearing stage (Chapter 3).  
 In my first data chapter, I compared growth and average body size amongst the 
three life histories (jack male, hooknose male, and female) of Chinook salmon prior to 
sexual maturation of jacks as well as examined the additive and non-additive effects 
underlying the jacking rate of these offspring. A full-factorial breeding design was 
employed at Yellow Island Aquaculture, Limited (YIAL, located on Quadra Island, 
British Columbia) to create 48 families of Chinook salmon offspring, whose body sizes 
were measured at three time points prior to sexual maturation of jacks. These offspring 
were individually tagged and raised until sexual maturity, at which point their life history 
and ART were determined. The parents of these offspring were descendants from a 
marker-assited broodstock selection program which took place at YIAL where both a 
“high performance” and “low performance” line were created based on growth and 
survival related gene markers and displayed differential disease resistance (Docker and 
Heath 2002; Bryden et al. 2004). The effect of parents from these broodstock 
performance lines on jacking rate will also be examined. These results will provide novel 
insight into the non-additive effects underlying jacking in Chinook salmon.   
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 In my second data chapter, I examined the effect of high and low competition 
rearing environments, created by manipulating food availability, as well as sire ART on 
the growth rate, relative aggression, and feeding success of Chinook salmon offspring. A 
split-clutch fertilization method whereby the eggs of 12 unique females were fertilized by 
the milt of both a jack and hooknose sire was used to create 24 families of Chinook 
salmon. During the freshwater rearing stage, each of these families was raised in a low 
competition environment, where individuals received a growth-promoting ration, as well 
as a high competition environment, where individuals received a limited ration and were 
forced to compete for access to a limited food resource. During this time, the body size of 
individuals from each family and within each rearing environment was measured on a bi-
weekly basis. At the end of the freshwater rearing stage, and before offspring were 
moved to saltwater, behavioural trials were performed to score the aggression and 
feeding success of individuals. These results will provide novel information regarding a 
potential behavioural mechanism underlying increased growth and feeding success in 
Chinook salmon offspring sired by alternative reproductive tactics.  
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Chapter 2: Additive and non-additive genetic components of the jack male life 
history in Chinook salmon (Oncorhynchus tshawytscha) 
 
2.1 Introduction !
 The phenomenon of alternative reproductive tactics (ARTs), which arise when 
male competitors within a species respond in different ways to reproductive competition, 
occurs in multiple vertebrate taxa, but is particularly common in fish (Taborsky 2008). 
ARTs may evolve in the form of alternate phenotypes and mating behaviours amongst 
males within a species, and in fish will often develop in the form of large “parental” 
males that monopolize access to females, and exploitation of these males by “sneaker” or 
“parasitic” males (Taborsky 2008). This form of ARTs occurs in multiple fish species, 
including: bluegill sunfish, Lepomis macrochirus (Gross 1991a), bluehead wrasse, 
Thalassoma bifasciatum (Semsar et al. 2001), shell-brooding cichlids, Lamprologus 
callipterus (Sato et al. 2004), common goby, Pomatoschistus microps (Magnhagen 
1998), peacock blenny, Salaria pavo (Oliveira et al. 2001), plainfin midshipman 
(Brantley and Bass 1994) and multiple species of salmonids (Healey and Prince 1998, 
Berejikian et al. 2010, Aubin-Horth et al. 2006, Gross 1994).  
 In salmonids, the “decision” to adopt either a parental or sneaking tactic may be 
influenced by growth rate (Hutchings and Myers 1994), where males with a higher 
growth rate sexually mature at a smaller size and earlier in life, adopting a sneak tactic, 
leaving males with a slower growth rate to adopt a parental role due to their delayed 
reproduction and prolonged growth (Gross 1991b). A specific example of a salmonid 
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species that exhibits ARTs in this manner is Chinook salmon, Oncorhyncus tshawytscha 
(Berejikian et al. 2010, Flannery et al. 2013, Butts et al. 2012). In Chinook salmon, males 
develop into one of two possible fixed alternative phenotypes: large “hooknose” males 
(parental males) who are thought to be favoured by females during spawning (Berejikian 
et al. 2000), and smaller, parasitic “jacks” who sneak fertilizations during spawning 
events (Berejikian et al. 2010). Hooknoses reach sexual maturity later in life than jacks, 
who precociously sexually mature (Berejikian et al. 2010).  
 “Jacking rate” refers to the rate at which male Chinook salmon sexually mature 
after a minimum of one year in seawater, and one year before females in the same cohort 
(Heath et al. 1994). It has been shown in multiple studies (Heath et al. 1991, 1994, 1996; 
Berejikian et al. 2011) that jacking in Chinook salmon is influenced by the relative 
growth rate of individuals, where individuals that become jacks have a higher growth rate 
and larger body size prior to their sexual maturation compared with hooknose males and 
females. As well, a bimodal weight-frequency distribution is known to develop in 
Chinook salmon at least five months prior to sexual maturation of jacks (Heath et al. 
1991), where almost all of the early-maturing males will be part of the high-weight 
portion of the distribution (Heath et al. 1996). 
 Although jacking in Chinook salmon can be partly attributed to environmental 
factors (Heath et al. 1994, Heath 1992), size- and age-at-maturity in Chinook salmon can 
be largely attributed to genetics, and in particular, the genetic contribution of the sire; 
jack sires will produce a greater proportion of jack male offspring than hooknose male 
offspring (Heath et al. 2002; Heath et al. 1994). Previous studies that have examined the 
genetic effects underlying jacking in Chinook salmon have involved both jack and 
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hooknose sires, and have identified jacking in Chinook salmon as having a large sire 
component to the genetic contribution and a resulting strong additive genetic component. 
The non-additive genetic component underlying this trait, however, has not been studied.  
 In the current study, a full-factorial breeding design using hatchery-reared 
Chinook salmon was employed to determine the additive and non-additive genetic 
components underlying jacking in Chinook salmon. All hooknose sires were used in this 
study to eliminate the effect of sire ART. Dams and sires used in this study were 
descendants from a marker-assisted broodstock program that identified “high 
performance” and “low performance” lines using growth-related and survival-related 
gene markers (see Docker and Heath 2002; Falica et al. 2013; Lehnert et al. 2014). The 
differential effect of these lines on offspring jacking rate was also examined. Overall, this 
study tests for: (1) differences in growth amongst three life histories of Chinook salmon 
(jack, hooknose, female) at three time points prior to sexual maturation of jacks; (2) 
additive and non-additive genetic components underlying jacking rate in Chinook 
salmon; and (3) the effect of dam and sire broodstock performance line on the jacking 
rate of their offspring.    
2.2 Materials and Methods !
Study Species !
 In the current study, all parents were descendants from crosses that took place in 
1985 where wild female Chinook salmon from the Robertson Creek Hatchery (Port 
Alberni, BC, Canada) were crossed to the produce the production lines. In 1988 
production stock was cross-fertilized with male Chinook salmon from Big Qualicum 
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River Hatchery (Qualicum Beach, BC, Canada). In 1997, fish were selectively bred as 
part of a marker-assisted broodstock selection program where both a  “high performance” 
and “low performance” line were created based on growth and survival related gene 
markers (Docker and Heath 2002). These lines displayed differential disease resistance 
when exposed to a Vibrio outbreak, where they exhibited significantly different survival 
rates (Bryden et al. 2004). As well, parental fish within these two lines were selected 
based on body size, where small individuals were selected for the low performance line, 
and large fish were selected for the high performance line. Since 1997, these fish have 
been raised at Yellow Island Aquaculture Ltd (YIAL), an organic Chinook salmon farm 
located on Quadra Island, British Columbia, Canada.  
Breeding Design and Rearing Conditions !
 All sires used in this study were hooknose adult males (jack sires were not used). 
In November of 2008, seven sexually mature broodstock males were cross-fertilized with 
seven sexually mature broodstock females using a full-factorial breeding design (Lynch 
and Walsh 1998; Pitcher and Neff 2006), resulting in 49 families. Body size did not differ 
significantly amongst dams (df= 1, F= 0.56, p=0.49) or sires (df=1, F=0.95, p=0.39) from 
the two lines. Once fertilized, eggs were placed in incubation trays supplied by untreated, 
natural freshwater (temperature range: 7-9 °C). Unfertilized eggs and mortalities were 
removed from incubation trays on a bi-daily basis until the end of the endogenous feeding 
stage. At this time, in March 2009, offspring were transferred to 200 L barrels supplied 
with natural freshwater at an incoming flow of 1 L/ minute. Offspring began feeding 
exogenously and were fed ad libitum on a daily basis. Dissolved oxygen, which was 
maintained above 80%, and water temperature, which was kept at approximately 8°C 
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(temperature range: 7-10 °C), were regularly monitored. Barrels received light from 7 
a.m. to 5 p.m. daily, and mortalities were removed when barrels were cleaned every 5 
days. In June of 2009, individuals were transferred to sea net pens (dimensions: 10m x 10 
m x 10m) after having received a Passive Integrated Transponder (PIT) identification tag 
so that individuals could be followed until sexual maturity. 
Field Sampling and Life History Determination !
 One family experienced extreme mortality during the saltwater rearing stage. 
Therefore, this family was removed from the experiment, leaving 48 families for 
sampling. The fork length (± 0.05 cm) of a subset of individuals from each family (28 ± 
0.75 individuals) was recorded at three time points prior to sexual maturation of jacks. 
The same individuals were sampled at seven months (June 2009), 12 months (November 
2009), and 19 months (June 2010) post-fertilization, and individuals were transferred 
from freshwater to salt water in June 2009 after sampling took place. At two of three time 
points, wet weight was also measured, but could not be determined at one of the time 
points (June 2010) due to unfavourable weather conditions. Therefore, fork length was 
used in this study as a proxy of body size, because this measure is highly correlated with 
wet weight in salmonids (e.g., Sutton et al. 2000). 
 The life history and sex (jack, hooknose, female) of offspring was determined 
upon sexual maturation of individuals. Jacks were identified after approximately one year 
in seawater (October 2010) as individuals that precociously sexually matured. Compared 
to juvenile, “silver” individuals (hooknoses or females), sexually mature jacks can be 
identified by greenish colouration with black spots (Heath 1992) as well as developing 
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gonads and free-flowing milt.  For the remaining individuals that sexually matured three 
to four years after transfer to sea net pens, individuals were identified by analyzing skin 
tissue samples as either male (hooknose) or female using the genetic sex probe. The 
jacking rate, which is calculated by dividing the total number of jacks produced by the 
total number of surviving individuals, was recorded for each family. Male-specific 
jacking rate, which is calculated by dividing the total number of jacks produced by the 
total number of males, was also recorded for each family.  
Statistical Analysis 
  
Comparison of growth amongst life histories 
 JMP 10 Statistical Analysis software was used for repeated measures analysis 
(mixed model) to analyze the differences in growth (average fork length) among the three 
Chinook salmon life histories across three sampling periods. Within the 48 families 
sampled for body size (resulting from the seven by seven full-factorial cross), four dam 
and sire parents were from the low performance line (L), while three were from the high 
performance line (H). Life history, sampling period, and the interaction between life 
history and sampling period were entered as fixed effects in the model. Dam nested in 
dam performance line and sire nested in sire performance line (to account for dams and 
sires originating from both high and low performance lines), as well as sire nested in 
rearing barrel (because families were  assigned to rearing barrels based upon their sire) 
were entered as random effects in the model (to control for parental effects as well as 
rearing barrel effects on body size). Post-hoc student’s t-tests were used to test the 
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differences between the average body size of jack, hooknose, and female offspring at 
each sampling period.  
Additive and non-additive effects on life histories 
 Because one family within the full-factorial was not sampled due to high 
mortality, all families originating from this family’s dam and sire were removed from 
analyses pertaining to additive and non-additive genetic effects (although they were 
sampled for body size), leaving a six by six full-factorial cross resulting in 36 families 
(see Table 2.2 ). This allowed us to achieve a balanced full-factorial design. Within the 
six by six full-factorial cross, three dam and three sire parents were from the high 
performance line (H), while three were from the low performance line (L). To determine 
the effects of dam and sire parents from the high and low performance lines, the 
performance line of dams and sires was included as “1” for high performance and “2” for 
low performance. Genetic architecture data was analyzed using the lme4 package (Bates 
et al. 2009) in R software (R Development Core Team 2011).  
 Jacking rate and male-specific jacking rate were represented as binomial data (0s 
and 1s, where 1 represented a jack and 0 represented a female or hooknose) and all 
models discussed below were repeated for both jacking rate and male-specific jacking 
rate. General linear mixed-effects models with a logit-link function for binomial data 
were used with the “glmer” function. The phenotypic variance was partitioned using the 
following model (Lynch and Walsh 1998): zijk = µ + D + S + di + sj + Iij + eijk , where µ is 
the mean phenotypic value of the sample, and zijk represents the phenotypic value of the 
kth offspring from the ith dam and jth sire. The residual error is represented by e. Dam 
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(d), sire (s), and interaction (I) were included as random effects. Dam performance line 
(D) as well as sire performance line (S) were included as fixed effects.  
 To determine the contribution of dam, sire, and interaction effects on both jacking 
rate and male-specific jacking rate, the fit of the models was contrasted in a stepwise 
manner, where the term was removed and the model rerun. Significance of dam, sire, and 
interaction effects was then calculated using log-likelihood tests. A significant dam effect 
would indicate a significant contribution of maternal environmental and additive genetic 
effects, a significant sire effect would indicate a significant contribution of additive 
genetic effects, and a significant interaction effect would indicate significant non-additive 
genetic effects (Lynch and Walsh 1998).   
 Variance components were estimated using Laplace approximation (restricted 
maximum likelihood procedure; Lynch and Walsh 1998). The percentage of phenotypic 
variance explained by variance components was calculated by dividing dam, sire, and 
interaction components by the total variance. Residual variance was entered as (π^2)/3 
which is customary for analyses of binomial data because the residual variance is not 
provided (Nakagawa and Schielzeth 2010; Johnson and Brockmann 2013). The additive 
and non-additive components of the variance were calculated by multiplying the sire 
component of variance by four and the dam × sire (interaction) component by four, 
respectively. Finally, the maternal component of the variance was calculated by 
subtracting the sire component from the dam component of the variance (reviewed in 
Neff and Pitcher 2005). 
Dam and sire performance line effect on life histories 
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 By including dam performance line and sire performance line as fixed effects 
within the models discussed above, the effect of both dam performance line and sire 
performance line on jacking rate as well as male-specific jacking rate could be 
determined. The interaction between dam performance line and sire performance line was 
also included as a fixed effect, but removed when the term was not significant and when 
removing the term lowered the AIC value of the model’s fit.   
2.3 Results !
Comparison of growth amongst life histories !
 Across all sampling periods, there was a significant effect of life history on 
average fork length (p < 0.001, df= 2, F= 105.2, Figure 2.1). The effect of sampling 
period on average fork length was also significant (p <0.001, df= 2, F= 18830.6, Figure 
2.1). There was a significant interaction effect of sampling period and life history on 
average fork length (p < 0.001, df= 4, F= 91.2, Figure 2.1). The average fork length of 
jacks, females, and hooknoses were not significantly different at the first sampling date 
(Table 2.1). Jacks had a higher average fork length at the second sampling date relative to 
both females and hooknoses, whose average fork lengths did not differ significantly 
(Table 2.1). The average fork length of jacks, females, and hooknoses were significantly 
different from one another at the third sampling date (Table 2.1).  
 The mean jacking rate across all families included in the 6 x 6 full-factorial cross 
was 5.28% (range: 0%-20%), and the mean male-specific jacking rate was 10.96% 
(range: 0%-42.8%; Table 2.2). Dams and sires from high (H) and low (L) performance 
lines produced families with four possible cross types: H/H, HL, LH, or L/L (dam/sire). 
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The mean jacking rate was calculated to be 0.4% (range: 0%-3.3%) for HH cross-types, 
0.4% (range: 0%-3.3%) for HL cross types, 11.6% (range: 0%-20.0%) for LH cross 
types, and 8.8% (range: 0%-20.0%) for LL cross types. The mean male-specific jacking 
rate was calculated to be 0.7% (range: 0%-6.2%) for HH cross types, 0.7% (range: 0%-
6.2%) for HL cross types, 25.4% (range: 0%-42.8%) for LH cross types, and 17.0% 
(range: 0%-33.3%) for LL cross types (Table 2.2). 
Additive and non-additive effects on life histories !
 For both jacking rate and male-specific jacking rate, the dam effect, sire effect, 
and interaction (dam x sire) effect were not significant (Table 2.3). The phenotypic 
variance in jacking rate explained by maternal effects was found to be -0.10 (0 – 0.10) or 
-3.0% of the overall phenotypic variance (Figure 2.2). The variance explained by additive 
effects was found to be 0.41 (4 × 0.10) or 12.0%, and that of non-additive effects was 
found to be 0 (4 × 0) or 0% (Figure 2.2). The phenotypic variance for male-specific 
jacking rate explained by maternal effects was found to be -2.98X10-2 (7.45X10-2 – 0.10) 
or -0.8% of the overall phenotypic variance (Figure 2.2). The variance explained by 
additive effects was found to be 0.42 (4 × 0.10) or 12.0%, and that of non-additive effects 
was found to be 5.53X10-10 (4 × 1.38X10-10) or 0% (Figure 2.2). 
Dam and sire performance line effect on life histories !
 Dams from the low performance line produced families with a significantly 
higher jacking rate (p<0.0001) and male-specific jacking rate (p<0.0001) compared with 
dams from the high performance line (Figure 3). Sires from the low performance line, 
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however, did not produce offspring jacking rates (p=0.55) or male-specific jacking rates 
(p=0.68) that differed with sires from the high performance line (Figure 2.3).  
2.4 Discussion !
 By employing a full-factorial breeding design, this study provides novel 
information regarding the additive and non-additive genetic effects underlying jacking 
rates in Chinook salmon when all hooknose sires are used. In accordance with results 
from previous studies, jack, hooknose, and female offspring in this study differed 
significantly in body size prior to sexual maturation of jacks. In contrast with previous 
research that has examined additive effects and demonstrated a strong sire component 
with respect to jacking when both jack and hooknose sires are used (Heath et al. 1994, 
2002; Berejikian et al. 2011), this study found no significant dam, sire, or interaction 
effects underlying jacking. The genetic effect of parents from high and low performance 
lines on precocious maturation of their offspring was also examined, and the results 
indicate that females from low performance lines produced a higher number of jack 
offspring, which drives the variation in jacking found in this study. 
 Offspring differed significantly in body size across sampling periods as well as at 
each sampling period. Jacks had a significantly larger body size starting one year post-
fertilization, and by the final sampling date, all three life histories (jack, hooknose, and 
female) differed significantly in body size, with jacks being the largest. These results are 
consistent with previous research findings (Heath et al. 1991, 1996; Berejikian et al. 
2011). This larger body size allows jacks to reach the size and energy threshold necessary 
to sexually mature earlier in life. This can potentially be explained as alternative 
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reproductive tactics within a conditional strategy, whereby individuals that have reached 
a threshold body size can make the “decision” to precociously sexually mature (Gross 
1996). Increased growth rate in individuals that precociously sexually mature can be 
explained by environmental factors such as food availability (Vainikka et al. 2012) and 
water temperature (Railsback & Rose 1999; Heath et al. 1994), physiological factors such 
as metabolic rate (Higgins 1985) and conversion efficiency (Lister and Neff 2006), 
behavioural factors such as dominance (Metcalfe 1998) and possibly aggression (Heath 
1992), or by genetic factors (Berejikian et al. 2011; Heath et al. 2002; Chernoff and Curry 
2007; Kause et al. 2003; Martyniuk et al. 2003), the latter of which we examined in this 
study.   
 By employing a full-factorial breeding design using only hooknose sires, we were 
able to determine the additive and non-additive effects underlying jacking in the absence 
of the strong sire effect that exists when both jack and hooknose sires are used (Heath et 
al. 1994, 2002; Berejikian et al. 2011). We found no significant dam, sire, or interaction 
effects. When characterizing the maternal, additive, and non-additive components 
underlying both jacking rate and male-specific jacking rate, the maternal component was 
negative, the non-additive component was zero, and the additive component was largest 
in comparison. These results are consistent with previous findings from studies where 
both male tactics were used, which have demonstrated a low maternal contribution and 
higher additive genetic contribution of the sire to both jacking rate and offspring growth 
(Heath et al. 1999, 2002, 2004; Garant et al. 2003; Eilertsen et al. 2009). The additive 
genetic variance underlying  jacking rate may have been higher if jack sires were used in 
this study; sire effects on precocious maturation have been underestimated due to the 
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absence of precocious sires in a previous study in Coho salmon, Oncorhynchus kisutch 
(Silverstein and Hershberger 1992). 
 In the current study, significant differences in jacking rate and male-specific 
jacking rate of offspring were dependent upon the performance line of parents, where 
families that came from a low performance dam had a significantly higher jacking rate 
than those from a high performance dam. The performance line of the sire did not have a 
significant effect on the jacking rate of offspring, thus the performance line effect that we 
observed was a “maternal” effect. Data on egg size from these dams were not collected, 
and body size of the dams did not differ significantly between high performance and low 
performance dams. However, it is possible that these females differed in their egg quality 
(lipids, carotenoids), affecting their offsprings’ growth and early maturation rates (Houde 
et al. 2013, Berejikian et al. 2014, Berejikian et al. 2011).  
 The importance of dam performance line underlying jacking found in this study 
may be explained by some previous studies that have examined maternal effects on 
alternative life histories in salmonids (Chernoff and Curry 2007; Berejikian et al. 2014). 
Maternal environmental effects, such as egg quality, have been shown to strongly affect 
survival and fitness-related traits during early life stages when maternal investments are 
critical (Evans et al. 2010; Houde et al. 2013). In this case, maternal investments in 
offspring early in life may have an effect on offspring growth rates throughout their life, 
affecting early maturation rates. Berejikian et al. (2014) found strong maternal control 
over the adoption of either a resident or anadromous life cycle in rainbow trout, 
Oncorhyncus mykiss. There is some evidence that this maternal effect may be attributed 
to the resources garnered by offspring through the maternal contribution in the egg. In 
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Silverstein and Hershberger’s (1992) study on Coho salmon, Oncorhynchus kisutch, the 
significant maternal effect was attributed in part to egg size because a significant positive 
correlation between egg size and precocious sexual maturation was found. Egg size has 
been associated with an increase in early growth in multiple studies in salmonids 
(Sutterlin and MacLean 1984; Gall 1974; Pitman 1979; Einum and Fleming 1999), which 
may explain the increase in early sexual maturation. 
 In contrast, egg size has been shown to affect growth rate in Chinook salmon in 
another manner. Berejikian et al. (2011) found that maternal body size had a significantly 
positive effect on the growth rate of offspring, but egg size had a significantly negative 
effect on offspring growth rates. A negative effect of egg size on offspring growth rates 
was also reported by Gilbey et al. (2009) in Atlantic salmon, Salmo salar. In the current 
study, then, if females from the low performance line had lower quality eggs, this could 
have affected offspring growth in a similar manner as the studies discussed above 
(Berejikian et al. 2011; Gilbey et al. 2009). The egg quality of females originating from 
these performance lines has not been previously studied. Studies regarding parental 
effects on offspring performance originating from these lines are limited to a study by 
Falica et al. (2013), where paternal performance line was found to have a significant 
positive effect on offspring performance traits such as swimming speed.  
 Another possible explanation for the current study’s finding may have to do with 
the pedigree of dams and sires used within our full-factorial cross. Because low 
performance fish raised at YIAL often did not survive until sexual maturation, many 
precocious sires (jacks) were used to maintain this line. Thus, potentially more “jacking” 
genes persisted within this line. Within the low performance line, a male that sexually 
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matured into a hooknose likely did not carry jacking genes, whereas females within this 
line may carry these genes without expressing them. Thus, females that carried the 
jacking gene within this low performance line may have passed this onto their offspring, 
affecting jacking rates within these families compared with families originating from 
high performance lines. More research into the effect of female performance line and the 
pedigree of dams from low performance lines, as well as egg size of these famales and 
their effect on jacking is necessary in Chinook salmon.  
 Overall, this study provides novel information regarding the genetic architecture 
underlying jacking rate in Chinook salmon. These results show that in the absence of jack 
sires, the strong sire effect that results when jack sires are used is no longer observed. In 
this study, where dams and sires from high and low broodstock performance lines were 
used within a full-factorial breeding design, significant differences in both jacking rate 
and male specific jacking rate were attributed to dams that originated from low 
performance lines. However, further research is needed to determine the specific cause of 
the strong dam performance line effect found in the present study. In this study, 
differences in body size amongst jacks, females, and hooknoses during a one-year period 
prior to sexual maturation of jacks were found to be significant, with jacks having a 
larger body size. Information regarding the specific mechanisms behind the production of 
the jack male life history in Chinook salmon is important for the aquaculture industry—
because jacks sexually mature at a smaller size, and have poor flesh quality due to sexual 
maturation, they cannot be sold and the resulting losses are accentuated by the resources 
invested in raising these individuals. This may not be a concern for Pacific salmon used 
in commercial production, where all-female (monosex) individuals are created that do not 
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sexually mature and have an extended growth period (Shrimpton et al. 2012; Benfey 
1999). However, diploid male and female individuals are used within aquaculture 
broodstocks, and these individuals may be negatively effected by increased jacking. 
Additionally, increased rates of early maturation may have undesirable consequences for 
conservation hatchery programs, where high jacking rates have a negative impact on the 
number of returning males for harvest and broodstock (Larsen et al. 2004). These 
findings contribute our understanding of precocious sexual maturation and may help 
Chinook salmon farms in developing practices to limit the number of individuals that are 
likely to precociously sexually mature, and to design breeding programs that foster lower 
jacking rates. Knowing that maternal performance line has an effect on the number of 
jacks produced is useful information for hatchery breeding programs and for the 
evolutionary biology of alternative reproductive tactics.  
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Table 2.1 Summary statistics for comparison of average fork length amongst jack, 
hooknose, and female Chinook salmon from 48 families descendent from a full-factorial 
cross between 7 dams and 7 sires. Student’s t-test least square means with standard error, 
sample size (n), and range for each life history at each sampling date (June 2009, 
November 2009, June 2010). 
Average Fork Length (cm)  
 Jacks Hooknoses Females 
LS Mean  
± SE 
7.87  ± 0.20 7.77 ± 0.17 7.77 ± 0.17 
n 74 600 624 
 
June 
2009 
Range 7.0-9.8 5.7-9.2 5.6-9.0 
LS Mean  
± SE 
16.40  ± 0.20 15.91 ± 0.17 15.84 ± 0.17 
n 70 474 484 
November 
2009 
Range 14.8-19.3 12.5-22.9 11.4-18.3 
LS Mean  
± SE 
25.05  ± 0.20 21.80 ± 0.17 21.52 ± 0.17 
n 71 348 395 
June 
2010 
Range 19.6-28.8 15.6-28.4 14.4-25.8 
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Table 2.2 Summary of jacking rate (JR) and male-specific jacking rate (MSJR), shown as 
a percentage, for 36 families of Chinook salmon offspring descendant from a full-
factorial cross between 6 dams and 6 sires. Wet weight (kg) and whether dams and sires 
came from the high performance or low performance line (H or L) are shown.   !
 
 
 
 
 
 
 
 
Dam/Sire  
 
H (high performance) / 
L (low performance)  
 
Wet Weight (kg) 
 
Dam  
 
H 
 
2.32 
Dam  
 
H 
 
2.13 
Dam  
 
H 
 
2.49 
Dam  
 
L 
 
1.98 
Dam  
 
L 
 
2.83 
Dam  
 
L 
 
2.80 
Sire  
 
H 
 
2.24 
 
JR 
 
MSJR 
 
(%) 
 
0 % 
 
0 %  
 
0 % 
 
0 % 
 
0 % 
 
0 % 
 
13.3 % 
 
28.6 % 
 
10 % 
 
25 % 
 
17.2 % 
 
31.2 % 
Sire  
 
H 
 
2.07 
 
JR 
 
MSJR 
 
(%) 
 
0 % 
 
0 % 
 
0 % 
 
0 % 
 
0 % 
 
0 % 
 
7.1 % 
 
12.5 % 
 
13.3 % 
 
36.4 % 
 
0 % 
 
0 % 
Sire  
 
H 
 
1.64 
 
JR 
 
MSJR 
 
(%) 
 
3.3 % 
 
6.2 % 
 
0 % 
 
0 % 
 
0 % 
 
0 % 
 
13.3 % 
 
27.3 % 
 
20.0 % 
 
42.8 % 
 
10.0 % 
 
25.0 % 
 
Sire  
 
L 
 
1.76 
 
JR 
 
MSJR 
 
(%) 
 
0 % 
 
0 % 
 
0 % 
 
0 % 
 
3.3 % 
 
6.2 % 
 
8.3 % 
 
14.3 % 
 
20.0 % 
 
33.3 % 
 
 
 
16.7 % 
 
29.4 % 
Sire  
 
L 
 
1.87 
 
JR 
 
MSJR 
 
(%) 
 
0 % 
 
0 % 
 
0 % 
 
0 % 
 
0 % 
 
0 % 
 
7.7 % 
 
10 % 
 
10 % 
 
33.3 % 
 
0 % 
 
0 % 
Sire  
 
L 
 
1.79 
 
JR 
 
MSJR 
 
(%) 
 
0 % 
 
0 % 
 
0 % 
 
0 % 
 
0 % 
 
0 % 
 
0 % 
 
0 % 
 
6.7 % 
 
15.4 % 
 
10.0 % 
 
17.6 % 
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Table 2.3 Summary of statistics for dam, sire, and dam x sire (interaction) effects on both jacking rate and male-specific jacking rate 
for 36 families of Chinook salmon offspring descendant from a full-factorial cross between 6 dams and 6 sires, including % 
phenotypic variance explained by variance components (maternal, additive, and non-additive effects). Maternal effects were 
calculated by subtracting sire component from dam component, additive effects were calculated by multiplying the sire component by 
4, and non-additive effects were calculated by multiplying the dam by sire component by 4. Jacking rate and male-specific jacking rate 
were modeled as binomial data. Significance of variance components was calculated using log-likelihood tests, and variance 
components were estimated using Laplace approximation.   
 
 
 
 
 
  Variance SD LogLik χ2 P Variance 
Component 
Phenotypic 
variation 
(%) 
         
Jacking Rate         
 Dam 0 0 -173.25 0 0.999 Maternal -3.00 
         
 Sire 0.102 0.319 -173.25 1.047 0.306 Additive 11.99 
         
 Dam x Sire 0 0 -173.25 0 1 Nonadditive 0 
         
 Residual π2/3       
         
         
Male-Specific         
Jacking Rate         
 Dam 7.453E-02 0.273 -134.54 0.935 0.334 Maternal -0.85 
         
 Sire 0.104 0.323 -134.54 0.898 0.343 Additive 12.03 
         
 Dam x Sire 1.382E-10 1.176E-05 -134.54 0 1 Nonadditive 0 
         
 Residual π2/3       
         !
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Figure 2.1 Mean (± standard deviation) of average fork length (cm) of jack (black dot, 
solid line), hooknose (open dot, dashed line), and female (gray dot, dotted line) Chinook 
salmon (Oncorhynchus tshawytscha) across 3 time-points (June 2009, November 2009, 
and June 2010) post-fertilization and prior to sexual maturation of jacks. Jack, hooknose, 
and female dots are shown offset. !!!!!!!!
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Figure 2.2 Percentage of jacking rate and male-specific jacking rate described by 
maternal (black bar), additive (gray bar), and non-additive (dark gray bar) variance 
components in Chinook salmon (Oncorhynchus tshawytscha) offspring resulting from a 
full-factorial breeding design.  !!!!!!!!!
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Figure 2.3 Percentage of jacks (calculated as both jacking rate (black bars) and male-
specific jacking rate (gray bars)) produced within families resulting from a full-factorial 
cross between 6 dams and 6 sires originating from high performance (H) and low 
performance (L) lines of Chinook salmon (Oncorhynchus tshawytscha). Cross types (H 
or L dam/H or L sire) represent the performance line identity of the dam and sire of each 
family, where 3 high performance and 3 low performance dams and sires were used to 
create 36 families. 
 
 
 
 
 
! 50!
Chapter 3: Rearing environment, paternal reproductive tactic, and aggression affect 
growth and feeding success of Chinook salmon offspring 
3.1 Introduction !
 Because fish are indeterminate growers, variation in growth and hence body size 
amongst individuals within a species often exists (Taborsky 2008). The growth rate of 
individuals may be influenced by environmental factors such as food availability 
(Vainikka et al. 2012, Ryer and Olla 1996) and water temperature (Brett et al. 1969, 
Heath et al. 1994, Handeland et al. 2008), physiological factors such as growth efficiency 
or metabolic rate (Skalski et al. 2005, Higgins 1985), behavioural factors such as 
dominance or aggression (Metcalfe 1998, Huntingford et al. 1990) or by genetic factors, 
including maternal and paternal genetic effects (Eilertsen et al. 2009, Garant et al. 2003, 
Berejikian et al. 2011, Chernoff and Curry 2007, Martyniuk et al. 2003). Because of this 
potential variation in body size, differential growth rate in fish is an important factor 
underlying individual specialization and hence the adoption of alternative life history 
pathways by individuals within a species (Bolnick et al. 2003).  
 Alternative reproductive tactics (ARTs) among male fish is a relatively common 
occurrence (Taborsky 2008). ARTs often develop according to relative growth rates, in 
the form of large “parental” males and smaller “sneaker” or “parasitic” males (Taborsky 
2008). Within this form of ARTs, parental males monopolize access to females during 
breeding, and sneaker males exploit larger males by parasitizing breeding events and 
depositing sperm in order to gain fertilization success. This form of ARTs occurs within 
multiple fish species, including salmonids, where the “decision” to adopt a parental vs. 
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sneaking role is influenced, in part, by growth rate (Hutchings and Myers 1994). Males 
with a higher growth rate may reach a threshold size earlier in life when they are able to 
precociously sexually mature (Gross 1996), adopting a sneaking tactic, whereas males 
with slower growth rates adopt a parental role later in life due to their delayed 
reproduction and prolonged growth (Gross 1991).   
 Chinook salmon, Oncorhynchus tshawytscha, is an example of a salmonid species 
that exhibits fixed ARTs in this form (Berejikian et al. 2010, Flannery et al. 2013, Butts 
et al. 2012), where males develop into large “hooknose” (Gross 1985) males that are 
favoured by females during spawning (Berejikian et al. 2000), and smaller “jacks” 
(Healey 1991) who sneak fertilization during spawning events (Berejikian et al. 2010). 
Jacks precociously sexually mature after one year in seawater, whereas hooknoses reach 
sexual maturity later in life (Heath et al. 1994). Precocious maturation in male Chinook 
salmon is more common in hatchery-reared fish, where early maturation rates have been 
observed as high as 80% (Clarke and Blackburn 1994; Shearer et al. 2006; Shearer and 
Swanson 2000), compared with wild populations (Foote et al. 1991), where early 
maturation rates are thought to fall below 5% (Gebhards 1960; Mullan et al. 1992). This 
may be due to the hatchery environment, which drives the rate of early maturation 
beyond the levels observed in the wild (Larsen et al. 2006). The adoption of ARTs in 
Chinook salmon has been observed in fish experiencing relatively higher growth rates 
than conspecifics (Heath et al. 1991, 1996; Vollestad et al. 2004, Chapter 2). Indeed, 
jacking is commonly observed in populations that display bimodal-weight frequency 
distributions, where individuals that have higher growth rates or are part of the higher-
weight portion of a bimodal weight-frequency distribution are more likely to become 
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jacks (Berejikian et al. 2011; Heath et al. 1991, 1996; Chapter 2). For example, in a 
cohort of Chinook salmon that exhibited a bimodal weight-frequency distribution (and an 
overall jacking rate of 17.2%), 66% of jacks were found in the higher-weight portion of 
the distribution and only 34% were found in the lower-weight portion, which included 
approximately 99% of later-maturing individuals (Heath et al. 1991). What remains 
unclear, however, is to what extent the bimodal size-structure is determined by genetic 
differences between individuals (committed to adopting each tactic) and/or conditional 
responses to the environment.  
 In Chinook salmon, both growth rate and the production of jacks are influenced 
by genetics as well as environment (Berejikian et al. 2011; Heath et al. 1994, 2002). In a 
study by Berejikian et al. (2011), jack sires produced offspring with higher growth rates 
prior to sexual maturation compared with hooknose sires. In a study by Heath et al. 
(1994), individuals raised in an accelerated growth (or high temperature) environment 
were more likely to grow at a faster rate as well as precociously sexually mature 
compared with individuals raised in a control environment. Offspring in this study raised 
in high temperature environments experienced a jacking rate of 19.5%, whereas those 
raised in control environments experienced jacking rates of 17.3%. As well, individuals 
sired by jacks in this study were more likely to precociously sexually mature relative to 
individuals sired by hooknoses; the percentage of males that matured as jacks in this 
study was 44.8% for jack-sired individuals and 26.9% for hooknose-sired individuals. 
 A potential mechanism driving the increased growth rate observed in Chinook 
salmon that could lead to higher jacking is an individual’s innate aggression. Previous 
studies in fish have demonstrated that increased aggression allows individuals to usurp 
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available food resources over less aggressive individuals (Wong et al. 2008, MacLean 
and Metcalfe 2001, MacLean et al. 2000, Metcalfe 1986). Not only will these highly 
aggressive individuals gain greater access to food resources, but they will also obtain a 
higher growth rate due to their increased intake (Huntingford et al. 1990). Thus, 
aggression may be an important behavioural trait underlying increased growth, and 
eventually precocious maturation, although this behavioural mechanism for increased 
growth has yet to be studied in Chinook salmon or in any fish species as a factor 
underlying precocious maturation. Because jack-sired offspring have increased growth 
prior to sexual maturation compared with hooknose-sired offspring (Berejikian et al. 
2011), and because greater aggression has been observed in the offspring of jacks vs. 
hooknoses (Henkel et al. 2011) and in sexually maturing jacks (Heath 1992), it is possible 
that a paternal genetic effect underlying increased aggression exists, and the interaction 
between sire ART and aggression promotes increased growth.  
 It is also possible that differential rearing environments have an effect on 
increased growth and/or increased aggression of individuals. Bergmuller and Taborsky 
(2010) proposed that social conflict, or costly interactions amongst conspecifics that may 
arise due to competition for resources, has a direct effect on shaping animal personalities, 
defined as consistent differences in the behaviour of individuals across time and contexts 
(Reale et al. 2007). Therefore, an environment that promotes conflict among individuals 
may have an effect on their strategic niche specialization in multiple behaviours, 
especially during ontogeny. If individuals are forced to compete for access to resources, a 
type of social conflict, then it is possible that a greater proportion of these individuals 
may be forced to be more aggressive in order to gain access to a limited resource. 
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Alternatively, it is also possible that individuals experiencing drastic resource limitation 
may instead avoid aggressive interactions in order to maintain survival (Nicieza and 
Metcalfe 1999). Both of these scenarios, which could arise due to differential rearing 
environments, would ultimately have an effect on the relative growth rates of highly 
aggressive and less aggressive individuals. Growth depensation, or a large variation in 
body size within a population due to differing growth rates, has been attributed to relative 
food intake, where highly aggressive individuals interfere with the intake of less 
aggressive, subordinate individuals (Rubenstein 1981). This growth depensation may 
lead to bimodal weight-frequency distribution, where certain individuals (who are more 
likely to become jacks) will have a higher growth trajectory than others. Thus, an 
interaction between rearing environment and aggression may affect relative growth rates 
amongst individuals.  
 The objectives of this study were to examine whether sire identity (jack or 
hooknose) as well as rearing environment (high or low competition for resources via 
differential ration) have a cumulative impact on the growth rate and aggression of 
offspring. Further, this study examines the effect of aggression on feeding success, as this 
may have an impact on growth rates and potentially precocious maturation rates of 
offspring. The growth and variation in growth of offspring sired by jack and hooknose 
Chinook salmon and raised in environments where they received either a limited ration or 
a growth-promoting ration was monitored throughout the freshwater rearing stage. At the 
end of the freshwater rearing stage, when individuals were approximately eight months of 
age and ready to be transferred to saltwater, behavioural trials were conducted in order to 
score aggression and feeding behaviour of individuals. Early maturing fish begin 
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exhibiting a relatively larger body size once they have “committed” to becoming an ART, 
the timing of which may be variable amongst fish populations, even within the same 
species (Tipping et al. 2003; Taranger et al. 2010). The body size of Chinook salmon 
offspring prior to or just after seawater entry has been shown to strongly affect early 
maturation rates (Vollestad et al. 2004, Heath et al. 1996, Chapter 2), thus offspring 
behaviour and body size at this life stage may be of interest in light of the adoption of 
ARTs in this species. This study provides novel insight into the effect of sire and rearing 
environment on aggression in Chinook salmon, and the examination of a behavioural 
mechanism underlying increased growth.  
3.2 Materials and Methods !
Study Species !
 In the current study, all parents were descendants from crosses that took place in 
1985 during which wild female Chinook salmon from the Robertson Creek Hatchery 
(Port Alberni, BC, Canada) were cross-fertilized with wild male Chinook salmon from 
Big Qualicum River Hatchery (Qualicum Beach, BC, Canada). Since then, these fish 
have been raised at Yellow Island Aquaculture Ltd (YIAL), an organic Chinook salmon 
farm located on Quadra Island, British Columbia, Canada.  
Breeding Design and Rearing Environment !
 In November of 2013, a split-clutch in vitro fertilization method was used 
whereby the eggs of 16 unique females (dams) were split in half and fertilized with the 
milt of both a jack and hooknose male (sires) to create 16 families sired by jacks and 16 
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families sired by hooknoses (each family with a unique sire). Jack sires were two years of 
age and hooknose sires and dams were four or five years of age. 
 The gametes of dams and sires were collected by applying pressure to the 
abdomen following percussive stunning. Eggs and milt were stored in containers labeled 
with dam or sire ID. The females were paired with two males, one hooknose and one 
jack, chosen at random. Once fertilized, eggs were placed in incubation trays supplied by 
untreated, natural freshwater (temperature range: 7-9 °C). Unfertilized eggs and 
mortalities were removed from incubation trays on a bi-daily basis until the end of the 
endogenous feeding stage. At this time, in March 2014, offspring were transferred to 200 
L barrels where they began feeding exogenously. Barrels were supplied with natural 
freshwater at an incoming flow of 1 L/ minute. Dissolved oxygen, which was maintained 
at above 80%, and water temperature, which was kept at approximately 8°C (temperature 
range: 7-10 °C), were regularly monitored. Barrels received light from 7 a.m. to 5 p.m. 
daily, and mortalities were removed when barrels were cleaned every five days. 
Offspring originating from four dams experienced extreme mortality in incubation trays 
and these families were removed from the experiment, leaving 12 families sired by jacks 
and 12 sired by hooknoses (24 families total).  
Experimental Rearing Environments  !
 All families were raised in freshwater rearing environments where either a limited 
ration or growth-promoting ration (see below) was provided between March 2014 and 
July 2014. Because 24 families were used in the experiment, and each family was split 
evenly and raised in both experimental rearing environments, there were 48 rearing 
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barrels in total. Rearing barrels included 3 different densities of individuals (100 (n=28), 
50 (n=12), or 35 (n=8) individuals per barrel) based on offspring survival during the 
incubation tray rearing stage. We examined density effects in statistical analyses, 
however density did not have an effect on any of the statistical models described below 
and was removed from subsequent analyses.   
 Feed amount was calculated using a feeding chart provided by Taplow Feeds 
(Chilliwack, BC, Canada). Families that were fed a growth-promoting ration were fed to 
satiation, or to 2% of the biomass in the rearing barrel, which would foster uniform 
growth amongst individuals. Families that were fed a limited ration were fed at a 
maintenance level of 1% of the biomass in the rearing barrel to avoid high mortalities. In 
rearing environments where individuals were fed a limited ration, uniform growth 
amongst individuals would not be possible, as individuals would have to compete for 
access to a limited food resource. Waste from barrels was siphoned out on a weekly basis 
and weighed to confirm that fish in satiation-fed barrels were consuming more food than 
those in maintenance-fed barrels (data not included here). A subset of 20 randomly 
chosen individuals from each rearing barrel was weighed on a bi-weekly basis. The 
average weight of the subset of fish was used to calculate growth rates as well as the 
approximate biomass in each barrel, which was used to calculate the amount of feed 
given to each rearing barrel per day (see Appendix B). This amount of feed was spread 
out over four daily feeding periods between 8 a.m. and 6 p.m. and feed was sprinkled 
evenly over the surface of the water in order to avoid individuals guarding favourable 
feeding positions as much as possible.   
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Behavioural Trials !
 Behavioural trials to score the aggression and feeding behaviour of individuals 
were conducted between June 27 and July 9 2014. All fish were approximately eight 
months old. A subset of 10 individuals from each rearing barrel (n=480 individuals in 
total) was chosen at random for experiments. Weight and length of each individual were 
recorded before behavioural trials (between June 13 and July 6 2014). Fish were first 
anaesthetized in a clove oil solution and their mass and fork length were recorded (± 0.05 
units) before individuals were tagged with an individually numbered and coloured 6 mm 
Peterson disc tag, which was inserted below the dorsal fin within the dorsal musculature 
of the fish. Once tagged, individuals were placed back in rearing barrels for a minimum 
of five-day recovery period, following procedures by Garner et al. (2011).  
 Trials were conducted with groups of six fish per trial tank, which is a common 
group size used to observe social interactions in juvenile salmonids (Garner et al. 2011). 
Trial tanks were 23 cm x 35 cm with a 20 cm water depth and flow through of 
approximately 1 L/minute. Four different trial types were conducted to test differences 
between interactions amongst fish from different rearing environments and sire types. 
Firstly, we conducted control trials, where all six fish in a trial tank were from the same 
sire type (jack or hooknose) and rearing environment (limited or growth-promoting 
ration; “Same Competitive Origins” x 4). Secondly, we conducted trials where all six 
individuals had the same sire type, but half of the individuals received a limited ration 
and half received a growth-promoting ration (“Same Sire Type, Different Environmental 
Origins” x2). Thirdly, trials were conducted where all six individuals in a tank came from 
the same rearing environment but half came from a jack sire and half from a hooknose 
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sire (“Different Sire Type, Same Environmental Origins” x2). And finally, we conducted 
trials where half of the individuals came from a jack sire and a rearing environment that 
received a limited ration and half from a hooknose sire and a rearing environment that 
received a growth-promoting ration, and vice versa (individuals within a tank differed in 
both sire type and rearing environment; “Contrasting Competitive Origins” x2). Each of 
these trials was replicated 8 times, giving a total of 80 trial tanks. All fish in a trial tank 
were unrelated to avoid kinship behaviour (Henkel et al. 2012). The trial day of fish from 
the same barrel was staggered to avoid sampling day effects. Because more than one trial 
type was run on the same day, tank position was randomized to avoid position effects.  
 At the beginning of a trial, fish were placed in the tank, where all six fish were 
labeled with a different coloured disc tag for ease of tracking during video analysis. Go-
Pro cameras were mounted above tanks to fit eight tanks in the frame of view (two 
cameras per group of 16 trials). Fish were allowed to acclimate in trial tanks for four 
days, as this is sufficient time to develop social hierarchies in salmonids (Garner et al. 
2011). Fish were fed 1% of the tank biomass per day (taken as the average weight of a 
fish multiplied by six individuals), spread out over four daily feeding periods. On the 
fourth day, cameras were turned on and “free range” behaviour of fish was recorded for 
45 minutes. After the 45-minute free-range period, fish were fed (1/4 of daily ration) and 
recording continued for 30 minutes.  
 Following recording, individuals were removed from trial tanks and anaesthetized 
in a clove oil solution. Their Peterson disc tag was removed and the disc tag number was 
recorded. Each fish was then injected with a Passive Integrated Transponder (PIT) tag, 
and this tag number was recorded (to match mass and length measurements to 
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behavioural trial scores and to continue monitoring individuals). Fish were then placed in 
a recovery barrel, and eventually placed in saltwater pens for the tracking of future 
growth rates and maturation events (see below). 
Behavioural trial analysis !
 After all trials were completed, video footage from each trial tank was analyzed 
during three observation periods: before feeding, during feeding, and after feeding. The 
pre-feeding period was taken as the 10-minute time interval before feeding occurred. The 
feeding period was taken as the 5-minute time interval starting immediately when the 
trial tank was fed. The post-feeding period was taken as the 10-minute time interval 
starting immediately after the feeding interval was complete. During all observation 
periods, the frequency of aggressive acts given by a fish (taken as the total number of 
charges and nips given towards another fish divided by the time period) was recorded. 
Because food pellets were clearly visible in recordings, we were also able to record the 
number of times each fish fed, and the order in which individuals fed.   
Statistical Analysis !
 Growth rate data was analyzed using JMP 10 Statistical Analysis software (SAS 
Inc. 2014).  Behavioural data was analyzed using the lme4 package (Bates et al. 2009) in 
R software (R Development Core Team 2011). Aggression during all observation periods 
as well as the number of times individuals fed fit a Poisson distribution, as this was count 
data. The order in which individuals fed was coded as ordinal data when included as a 
fixed effect in the model. The statistical analyses for aggression and foraging behaviours 
were performed in a hierarchical, sequential manner, in which the dependent variable in 
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one model became a covariate in the next, and was used to explore the direct and indirect 
dependencies among a set of variables linking growth and aggression with foraging, 
ultimately culminating in the foraging behaviour, ‘number of times fed’ (Figure 3.1).  
Growth Rate 
  
 The effect of sire and rearing environment on body size measured prior to the 
behavioural experiment (June 2014; fish were approx. 8 months of age post-fertilization), 
the change in body size each split-family experienced over the rearing sampling period (2 
months), and the variation in body size at the final sampling date (taken as the coefficient 
of variation in body size for each split-family – i.e., barrel) were examined. Dam ID and 
sire ID nested within sire type were included as random effects in the models. Sire type 
(jack or hooknose), rearing environment (limited ration or growth-promoting ration), and 
the interaction between sire type and rearing environment were included as fixed effects 
in the models, and the interaction term was removed when found to be  not significant.  
Aggression !
 Factors influencing an individual fish’s pre-feeding aggression, feeding 
aggression, and post-feeding aggression were analyzed with a Poisson-distribution model 
using the “glmer” function in the lme4 package. Fixed effects in the model comprised: 
sire type, rearing environment, the interaction between sire type and rearing environment,  
split-family change in weight, coefficient of variation (CoV) in body size per barrel, the 
relative weight of the focal fish in comparison with others in the trial tank (relWt), and 
the competitor trial type (1-4). The interaction term was removed only when found to be 
not significant and when removing the term resulted in a lowered AIC value for the 
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model’s fit. Tank ID (each trial tank received its own unique ID, to account for 
differences between groups of six fish), sire ID nested within sire type, and dam ID were 
included as random effects in the models.  
Feeding Order !
 We investigated factors capable of explaining which fish were first and last to 
feed within each trial tank. Thus, within each trial tank, fish that fed first were given an 
ID of “1” and fish that fed last were given an ID of “0.” Thus, feeding order was coded as 
binomial data and a “binomial” distribution was specified using the “glmer” function in 
the lme4 package. Fixed and random effects were included as detailed above for 
aggression models, however, pre-feeding aggression, feeding aggression, and post-
feeding aggression were also added as fixed effects in this model.  
Number of Times Fed !
 Growth- and behavioural variables affecting the number of times each fish fed 
was examined last. A Poisson distribution was specified in models using the “glmer” 
function in the lme4 package. Fixed and random effects were included as detailed above 
for feeding order, however, feeding order of all individuals within the trial was 
additionally added as a fixed effect in this model.  
3.3 Results !
Growth Rate !
 Rearing environment had a significant effect on mean weight at last sampling date 
(Table 3.1). Individuals raised in a rearing environment that received a growth-promoting 
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ration had a higher mean weight (LS mean ± SE= 5.317 ± 0.166) than those raised in a 
rearing environment that received a limited ration (LS mean ± SE= 4.099 ± 0.166; Table 
3.1, Figure 3.2). The effect of sire type on mean weight was not significant (Table 3.1, 
Figure 3.3).  
 Similarly, rearing environment had a significant effect on the change in weight 
over the eight-week sampling period (Table 3.1; Figure 3.2). Individuals raised in a 
rearing environment that received a growth-promoting ration had a higher growth rate 
(LS mean ± SE= 4.192 ± 0.161) than those raised in a rearing environment that received a 
limited (LS mean ± SE= 3.030 ± 0.161; Table 3.1, Figure 3.2). The effect of sire type on 
change in weight was not significant (Table 3.1, Figure 3.3).  
 Sire type had a significant effect on coefficient of variation in body size within a 
barrel at the last sampling date (Table 3.1, Figure 3.3). Families sired by a jack had a 
higher coefficient of variation in body size (LS mean ± SE= 0.222 ± 0.013) than families 
sired by hooknoses (LS mean ± SE= 0.176 ± 0.013; Table 3.1, Figure 3.3). Rearing 
environment did not have a significant effect on coefficient of variation in body size 
(Table 3.1, Figure 3.2).  
Aggression- pre-feeding, feeding, and post-feeding !
 Pre-feeding aggression was influenced by rearing environment, sire type, change 
in weight, and relative weight (Figure 3.1). Individuals from a rearing environment that 
received a growth-promoting ration, sired by a jack, or originating from a rearing barrel 
with a larger change in weight had higher aggression during the pre-feeding period 
(Table 3.2).  
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 During feeding, aggression was influenced by relative weight (Figure 3.1). 
Individuals that were larger relative to their competitors had higher aggression during the 
feeding period (Table 3.2).  
 Post-feeding aggression was influenced by rearing environment and relative 
weight (Figure 3.1). Individuals from a rearing environment that received a growth-
promoting ration or with a higher weight relative to competitors had higher aggression 
during the post-feeding period. Competitor trial type had no effect on the levels of 
aggression fish exhibited (Table 3.2).  
Feeding Order !
 Feeding order was influenced by feeding aggression and post-feeding aggression 
(Figure 3.1). Individuals that exhibited higher aggression either during the feeding and 
post-feeding periods were more likely to feed first than feed last. The source of 
competitors again had no effect (Table 3.2).  
Number of Times Fed !
 The number of times an individual fed was influenced by its rearing environment, 
the absolute change in weight at the barrel level, its own relative weight, feeding 
aggression, post-feeding aggression, and the order in which it fed (Figure 3.1). 
Individuals from a rearing environment that received a growth-promoting ration, coming 
from a rearing barrel with a greater change in weight, with higher aggression during the 
feeding and post-feeding periods, who were larger relative to competitors, or who were 
more likely to feed first fed a greater number of times (Table 3.2).  
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3.4 Discussion !
 In this study, experimental rearing environments and sires of differential 
alternative reproductive tactics affected the growth parameters of Chinook salmon 
offspring during the freshwater rearing stage. Sire tactic (jack or hooknose) as well as 
high- and low-competition rearing environments maintained by manipulating food 
availability not only influenced the growth of individuals, but directly and indirectly 
influenced behavioural aggression, which ultimately influenced the feeding success of 
offspring (see Figure 3.1). The current study has demonstrated that environmental and 
paternal effects on growth rate and variation in growth exist, and that a possible 
mechanism through which these factors affect growth rate is by influencing the 
aggression of individuals, thereby affecting their relative feeding success. Although 
offspring were placed in behavioural trials in all possible combinations of competitor 
types, we found no significant effects of trial type in this study. Thus, we found strong 
drivers of aggression and feeding behaviour in this study at the individual level, 
irrespective of the sire type or rearing environment experienced between competitors. 
 In this study, Chinook salmon offspring were sired by jacks or hooknoses and 
raised in freshwater rearing environments that received either a limited- or growth-
promoting ration. During an eight-week sampling period within this rearing stage, the 
growth rate of offspring (or the change in their weight during this time) as well as their 
mean weight at the final sampling date was affected by rearing environment. Individuals 
that received a growth-promoting ration had a higher growth rate and larger body size on 
average than those that received a limited ration. This result is supported by similar 
research findings, which show that individuals fed larger rations will grow at a faster rate 
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and reach a larger body size (Ryer and Olla 1996). Further, families in this study that 
were sired by jacks had a higher coefficient of variation, or larger variation in body size 
(growth depensation), at the final sampling date compared with families sired by 
hooknoses. Families of Chinook salmon offspring that have a larger bimodality in growth 
rate or body size (or larger growth depensation) will produce a significantly larger 
number of jack male offspring than families that exhibit uniform growth (Heath et al. 
1991, 1996). This bimodality in body size prior to sexual maturation of jacks is 
presumably caused by the relative body sizes of early maturing individuals that 
experience increased growth rates and a higher growth trajectory compared with 
individuals that delay maturation (Heath et al. 1996). Therefore, families in this study that 
were sired by jacks and had a greater variation in body size may also be likely to produce 
a larger number of jack offspring at the family level (although this finding is outside the 
scope of the current study). 
 One of the possible mechanisms driving this divergence in size at the juvenile 
stage in Chinook salmon is innate aggression, which has been observed in jacks prior to 
sexual maturation as well (Heath 1992). However, the link between jacking and 
aggression via offspring growth rates in Chinook salmon sired by ARTs has never been 
studied. What is known, however, is that increased growth affects early sexual maturation 
in multiple species of salmonids (Metcalfe 1998, Gross 1991, Hutchings and Meyers 
1994, Heath et al. 1994, Vollestad et al. 2004, Chapter 2), and it is possible that a 
mechanism behind the increased growth observed in these individuals is increased 
aggression, allowing access to a larger proportion of the food resource (Huntingford and 
Adams 2005). In the current study, aggression during feeding and within the ten-minute 
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time interval following feeding (but not before feeding) had a significant effect on the 
feeding success of offspring. Individuals that showed a higher level of aggression were 
more likely to feed first and feed a greater number of times. This result is supported by 
similar research findings, which have demonstrated increased feeding and primary access 
to food in highly aggressive fish (Wong et al. 2008, Maclean and Metcalfe 2001, 
Maclean et al. 2000, Metcalfe 1986). These aggressive individuals may then achieve a 
higher growth rate both by taking advantage of their larger energy intake as well as 
having a higher standard metabolic rate compared with subordinate individuals 
(Huntingford et al. 1990, Abbott and Dill 1989).  
 The aggression of offspring in this study was influenced by rearing environment, 
sire type, and split-family-level as well as individual growth. Individuals that were raised 
on a growth-promotion diet had a higher level of aggression during both the pre-feeding 
and post-feeding time period. Aggression during the pre-feeding period was also 
positively influenced by a higher growth rate at the split-family level. This result does not 
follow the prediction that high-competition environments (i.e. limited ration) and the 
social conflict that comes from access to a limited resource will induce increased 
aggression amongst individuals, but the alternate prediction instead, that individuals 
raised under high competition will avoid aggressive interactions to maximize survival. 
These findings are supported by similar findings by Nicieza and Metcalfe (1999), where 
salmonids that had a higher growth rate (similar to individuals that received a growth-
promotion diet in this study) showed increased aggression. The aforementioned study 
found that the individuals who maintained a higher growth rate experienced a social 
environment with increased aggression compared with individuals with a slower growth 
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rate, who were feeding in order to maintain minimum energetic requirements (i.e., 
survival). In the current study, the increased aggression of individuals raised in low 
competition rearing environments (i.e. growth-promotion diet) likely explained their 
higher food intake and this was further evidenced by their increased growth rates.  
 Sire type also had an effect on aggression, but during the pre-feeding observation 
period only, where individuals that were sired by a jack showed increased aggression. 
Because jack sires will produce significantly more jack offspring compared with 
hooknose sires (Heath et al. 1994), and offspring that precociously sexually mature are 
known to have an increased growth rate (Berejikian et al. 2011; Chapter 2; Heath et al. 
1991, 1996), it is possible that these offspring are also highly aggressive in order to gain 
increased access to food resources. As well, increased aggression has been observed in 
sexually maturing jacks (Heath 1992). However, this sire effect on aggression was seen 
solely during the pre-feeding period, and not during feeding or post-feeding, when 
aggression affected feeding success. Compared with the feeding and post-feeding 
periods, aggression during the pre-feeding period may be seen as more of an “innate” 
aggression, since there was no food present during this time and this observation period 
took place before a feeding bout. As well, aggression levels during this period did not 
affect feeding success although aggression during feeding and post-feeding did (Figure 
1), indicating that aggression during these latter periods is influenced by hunger or food 
availability. Thus, jack-sired individuals in this study may be more innately aggressive 
than hooknose-sired individuals. Although it may seem counter-intuitive that these 
individuals exhibit increased innate aggression, but are not the most aggressive during or 
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after feeding bouts, phenology needs to be taken into consideration when interpreting the 
results of this study. 
 Jack-sired individuals may be more innately aggressive, but not more aggressive 
when influenced by hunger or food availability, due to the relative body size of 
individuals in this study that may change throughout their development. Being the largest 
competitor had a highly significant effect on aggression during all observation periods in 
this study. Fish who are larger relative to their competitors have been shown to exhibit 
increased aggression (Maclean et al. 2000), and in the current study, relative size was an 
important factor influencing an individual’s aggression that (indirectly) influenced feed 
order and the number of times the individual fed. The timing of ART commitment is 
known to be variable amongst populations (Tipping et al. 2003; Taranger et al. 2010), 
and in Chinook salmon, offspring that jack may not begin to reach a larger body size 
relative to females and hooknose males of the same cohort until one year post-
fertilization at the earliest (Heath et al. 1991, 1996; Chapter 2). Therefore, at the time of 
these behavioural trials, individuals sired by jacks who may become jacks themselves 
may not have reached this larger body size. In fact, in the current study, jack-sired 
offspring never reached the size of the largest hooknose-sired offspring (although these 
two groups were not significantly different even under the limited-ration rearing 
treatment; LS mean ± SE: hooknose sire, low-competition= 5.35 g ± 0.27; jack sire, low-
competition= 5.01 g ± 0.27; hooknose sire, high-competition= 4.02 g ± 0.27; jack sire, 
high-competition= 3.91 g ± 0.27; see Figure 3.4 for size-frequency distributions within 
all four treatments). However, once an individual has committed to adopting an ART, the 
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growth rates of individuals that become jacks are expected increase relative to those that 
eventually become hooknoses.  
 Because relative body size had such a strong effect on aggression in this study, 
this may have overridden the effect of jack sires on aggression levels during feeding and 
post-feeding in these offspring. Thus, these results may be different when scoring 
aggression starting one year post-fertilization, once these committed-ART jacks will have 
begun to achieve the larger body size via aggression and an increased growth rate 
(Taranger et al. 2010; Heath et al. 1996; Chapter 2). Because Chinook salmon juveniles 
are under high selection pressure to reach a threshold body size prior to seawater entry in 
order to achieve energetic requirements necessary to endure this change in environment, 
individuals that are smaller initially may compensate for their smaller size by behaving 
aggressively in order to gain a growth advantage (Abrams and Rowe 1996; Heath et al. 
1999).  Indeed, within the jack-sired treatments only, smaller individuals were found to 
be more aggressive than larger ones (Estimate ± SE= -0.155 ± 0.065, z-value= -2.3774, 
p=0.017). 
 Although jack-sired individuals may be more likely to precociously sexually 
mature, not all jack-sired individuals will become jacks. Additionally, a percentage of 
hooknose-sired individuals may also sexually mature early and become jacks regardless 
of paternal genetic effects. Individuals that have higher conversion efficiencies may grow 
larger and become more aggressive because of their large size, irrespective of the innate 
aggression. In treatments with high food availability, individuals may have been primed 
to receive a larger food ration, driven by a higher food conversion efficiency and 
resulting in a larger body size, which would have led to their ability to feed more 
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(Wurtsbaugh and Davis 1977). Previous research has shown that increased levels of 
growth hormone is liked with higher aggression and subsequent greater growth in 
individuals that become jacks (Jonsson et al. 1998; Fleming et al. 2002); and growth 
hormone concentrations have also been found to be highly positively correlated with 
relative growth rate in these individuals in the few months before sexual maturation 
(Heath et al. 1996). The individuals in the current study, then, that are larger relative to 
competitors may not necessarily be genetically inclined to become jacks, but they may 
have underlying physiological mechanisms like increased metabolic rate or growth 
efficiency (and primed by their rearing environments) that have already allowed them to 
become larger and thus exhibit increased aggression at this stage in their development. 
They may also eventually reach the energy threshold needed to precociously sexually 
mature and become jacks themselves. It is important to note, however, that increased 
growth rate does not guarantee that an individual will become a jack; it merely increases 
the likelihood. For instance, although a majority of jacks within a population may be 
found within the high-weight portion of a bimodal-weight distributed population (as 
much as 66%), there are also individuals within this category that will delay reproduction 
and become hooknoses (Heath et al. 1996). Alternatively, with individuals that are 
genetically prone to becoming a jack and are exposed to an environment that also 
increases the likelihood of increased growth and aggression (in the case of the current 
study, this would be a low-competition rearing environment), the gene-by-environment 
interaction may cause the incidence of jacking to be exacerbated as these individuals 
would be especially likely to behave aggressively, which, according to the results of the 
current study, would allow greater access to food.   
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 Overall, the results of the current study suggest that both rearing environment and 
sire type influence not only the growth and variation in growth of Chinook salmon 
offspring, but also the aggression of individuals before, during, and after feeding, which 
in turn influences the feeding success of individuals. Individuals that are successful at 
feeding may in turn achieve higher growth rates and achieve the threshold body size 
necessary to precociously sexually mature, thus taking on the jack male life history 
(Gross 1996). Although the current study did not include jacking rates of offspring, these 
offspring were individually tagged (as indicated in methods) and are being raised in 
saltwater rearing pens to follow their progress to sexual maturation in a future study. This 
study is the first to examine the joint effects of sire ART and rearing environment on 
growth rates in an attempt to elucidate the mechanism (i.e., behaviour) behind differential 
growth rates, and hence early sexual maturation. Because jacks sexually mature at a 
smaller size and have poorer flesh quality as a result of becoming reproductive, they 
cannot be used by aquaculture facilities for profit, although fish farms invest resources in 
raising these individuals (Heath et al. 1996). Although commercial production fish in 
aquaculture are often all-female (monosex) individuals that do not sexually mature and 
thus experience an extended growth period (Shrimpton et al. 2012, Benfey 1999), diploid 
male and female fish that may precociously sexually mature are still used within hatchery 
broodstocks. Increased early maturation rates may also be undesirable in conservation 
hatchery programs, where high jacking rates reduce the number of returning males for 
harvest and broodstock (Larsen et al. 2004). In many Chinook salmon hatcheries, rearing 
practices are used that will optimize juvenile growth rates in order to reduce jacking rates 
(Larsen et al. 2004). However, the interaction between rearing conditions that foster high 
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growth rates and individuals that may be sired by jacks, which are used within hatchery 
broodstocks, is unknown (Berejikian et al. 2011). Information regarding the behaviour 
and growth of individuals sired by these alternative reproductive tactics may allow the 
aquaculture industry to put more efficient practices into place to reduce the number of 
jacks and increase profit.  
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Table 3.1 Summary statistics of rearing environment (1= growth-promoting ration, 2= limited ration) and sire type (1= hooknose sire, 
2= jack sire) effects on mean weight at last sampling date, average change in weight over 8 week sampling period, and coefficient of 
variation of weight at last sampling date of Chinook salmon (Oncorhyncus tshawytscha) offspring during the freshwater rearing stage 
(March 2014- June 2014). 
  Estimate Std Error df F P 
       
Mean Weight       
 Rearing Env[1] 0.609 0.062 1 96.851 <0.0001 
 Sire Type[1] 0.129 0.084 1 2.335 0.155 
       
Change in Weight       
 Rearing Env[1] 0.581 0.065 1 79.864 <0.0001 
 Sire Type[1] 0.114 0.075 1 2.302 0.157 
       
Coeff. Variation Rearing Env[1] 0.010 0.009 1 1.312 0.264 
 Sire Type[1] -0.023 0.008 1 7.411 0.019 
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Table 3.2 Summary statistics of rearing environment (1= limited ration, 2= growth-
promoting ration) sire type (1=hooknose sire, 2=jack sire), change in weight over 8 week 
freshwater rearing stage, coefficient of variation in weight at last sampling date, relative 
weight of individual compared with others in trial tank, frequency of aggression during 
pre-feed, feed, and post-feed observation periods, feeding order, and trial type (1= 
control, 2= same sire, different rearing environment, 3= different sire, same rearing 
environment, 4= different sire, different rearing environment) effects on aggression, 
feeding order, and number of times individual Chinook salmon (Oncorhyncus 
tshawytscha) offspring fed. 
  Estimate Std Error z-value P 
      
Pre-feeding      
Aggression Rearing Env[2] 0.831 0.223 3.723 <0.0001 
 Sire Type [2] 0.689 0.218 3.170 <0.001 
 Change in Weight 0.857 0.150 5.703 <0.0001 
 Coeff. Variation -0.421 1.090 -0.387 0.699 
 Relative Weight 0.112 0.035 3.224 <0.001 
 Trial Type [2] 0.004 0.377 0.009 0.424 
 Trial Type [3] -0.298 0.373 -0.799 0.424 
 Trial Type [4] -0.543 0.381 -1.424 0.154 
      
Feeding      
Aggression Rearing Env[2] -0.230 0.323 -0.712 0.476 
 Sire Type [2] 0.070 0.317 0.220 0.826 
 Change in Weight -0.127 0.228 -0.555 0.579 
 Coeff. Variation -3.342 1.969 -1.697 0.090 
 Relative Weight 0.242 0.067 3.602 <0.0001 
 Trial Type [2] -0.371 0.444 -0.836 0.403 
 Trial Type [3] -0.251 0.433 -0.579 0.562 
! 85!
 Trial Type [4] 0.245 0.412 0.595 0.552 
      
Post-feeding      
Aggression Rearing Env[2] 0.552 0.194 2.843 <0.001 
 Sire Type [2] 0.032 0.173 0.185 0.853 
 Change in Weight 0.093 0.142 0.652 0.514 
 Coeff. Variation -0.440 1.125 -0.391 0.696 
 Relative Weight 0.179 0.036 4.891 <0.0001 
 Trial Type [2] -0.236 0.322 -0.732 0.464 
 Trial Type [3] -0.209 0.315 -0.665 0.506 
 Trial Type [4] -0.174 0.313 -0.557 0.578 
      
Feeding 
Order Rearing Env[2] 
0.804 0.459 1.753 0.080 
 Sire Type [2] -0.372 0.338 -1.100 0.271 
 Change in Weight 0.377 0.282 1.334 0.182 
 Coeff. Variation -0.925 2.747 -0.337 0.736 
 Relative Weight 0.062 0.123 0.510 0.610 
 Pre-feed agg. -0.413 0.542 -0.762 0.446 
 Feed agg. 6.700 1.677 3.995 <0.0001 
 Post-feed agg. 2.402 0.963 2.495 0.013 
 Trial Type [2] 0.141 0.432 0.328 0.743 
 Trial Type [3] 0.365 0.427 0.853 0.394 
 Trial Type [4] 0.144 0.438 0.329 0.742 
      
# of Times 
Fed Rearing Env[2] 
0.303 0.127 2.387 0.017 
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 Sire Type [2] -0.091 0.136 -0.675 0.500 
 Change in Weight 0.214 0.089 2.413 0.016 
 Coeff. Variation -0.512 0.672 -0.763 0.445 
 Relative Weight -0.036 0.024 -1.484 0.138 
 Pre-feed agg. 0.042 0.088 0.471 0.638 
 Feed agg. 0.496 0.102 4.864 <0.0001 
 Post-feed agg. 0.278 0.088 3.173 <0.001 
 Feeding Order 0.145 0.020 7.430 <0.0001 
 Trial Type [2] -0.094 0.137 -0.682 0.496 
 Trial Type [3] 0.057 0.132 0.433 0.665 
 Trial Type [4] -0.123 0.137 -0.897 0.370 
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Figure 3.1 A flow-chart showing the hierarchical effects of genetics and environment (sire type (jack and hooknose) and rearing 
environment (limited ration and growth-promoting ration), population growth during an eight-week sampling period (change in 
weight, mean weight at final sampling, and coefficient of variation in weight at final sampling), individual body size (the weight of an 
individual relative to its competitors), individual behaviour (aggression before (pre-feed), during (feed), and after (post-feed) feeding), 
and individual feeding success (feeding order and number of times fed) of Chinook salmon, Oncorhynchus tshawytscha, offspring 
during behavioural trials. Arrows show effects of each factor on downstream factors, ending with number of times fed. 
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Figure 3.2 The mean wet weight at final sampling date (A), mean change in weight over an eight week sampling period (B), and 
coefficient of variation in wet weight at final sampling date (C) of Chinook salmon, Oncorhynchus tshawytscha, offspring raised in 
both limited ration and growth-promoting ration freshwater rearing environments. Rearing environment had a significant effect on 
both average weight (A) and average change in weight (B) but not coefficient of variation (C). 
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Figure 3.3 The mean wet weight at final sampling date (A), mean change in weight over an eight week sampling period (B), and 
coefficient of variation in wet weight at final sampling date (C) of Chinook salmon, Oncorhynchus tshawytscha, offspring sired by 
both jack and hooknose alternative male reproductive tactics. Sire type (jack or hooknose) had a significant effect on coefficient of 
variation (C) but not on average weight (A) or average change in weight (B). 
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Figure 3.4 Stacked bar graphs showing the size frequency-distribution for average 
weight (g) in 0.5 g intervals of Chinook salmon (Oncorhynchus tshawytscha) offspring 
raised within four treatments manipulating sire and rearing environment during the 
freshwater rearing stage: hooknose sire and growth-promotion diet rearing environment, 
jack sire and growth-promotion diet rearing environment, hooknose sire and rationed diet 
rearing environment, jack sire and rationed diet rearing environment. 
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Chapter 4: General Discussion 
 
4.1 Summary 
 
 Alternative reproductive tactics (ARTs) are widespread in fishes, and in 
salmonids they often take on the form of large “parental” males and smaller, precociously 
maturing “sneaker” males that parasitize breeding events (Taborsky 2008). The potential 
mechanisms underlying the adoption of ARTs have been studied within multiple species 
of salmonids (Atlantic salmon, Salmo salar (Aubin-Horth et al. 2006); Coho salmon, 
Oncorhynchus kisutch (Healey and Prince 1998); Rainbow trout, Oncorhynchus mykiss 
(Berejikian et al. 2010); and Chinook salmon, Oncorhynchus tshawytscha (Heath et al. 
1994)) and it is known that genetic (in particular, paternal; Heath et al. 2002) and 
environmental effects (factors influencing growth and development; Heath et al. 1994) as 
well as differential growth rates (Heath et al. 1991, 1994, 1996) are important factors 
underlying the “decision” to adopt either tactic (Hutchings and Myers 1994). In Chinook 
salmon, males take on ARTs in the form of large “hooknose” males (Gross 1985) and 
early maturing “jacks” (Healey 1991) that are known to exhibit increased growth rates 
prior to sexual maturation (Heath et al. 1996). The adoption of the jack ART as well as 
increased growth rate in Chinook salmon males has been attributed to a large genetic 
contribution of the sire (Heath et al. 1994; Berejikian et al. 2011), as well as 
environmental effects, such as increased temperature (Heath et al. 1994). Although the 
additive genetic effects underlying jacking have been characterized, the non-additive 
effects underlying jacking have yet to be studied. As well, the possibility that behavioural 
aggression, which has been observed in sexually maturing jacks (Heath 1992), could be a 
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potential mechanism underlying increased growth rates observed in these individuals (as 
it would allow them to monopolize available food resources; MacLean and Metcalfe 
2001; Wong et al. 2008) has yet to be investigated. The objective of my thesis was to 
further examine the genetic effects (in particular, non-additive effects) underlying ARTs 
and to investigate the effect of sire ART and rearing environment on growth rates, 
aggression, and feeding success of juvenile Chinook salmon. 
 The following is a summary of the key findings of my master’s research as well 
as suggestions for applications of these findings and implications for future research 
directions.   
4.2 Chapter 2 !
 In Chinook salmon, “jacking rate” (the rate at which males sexually mature after a 
minimum of one year in seawater, and one year before females in the same cohort (Heath 
et al. 1994)) has been shown to be influenced by both relative growth rates and genetics. 
Although previous studies have identified a large sire component and a resulting strong 
additive genetic component underlying jacking rate in Chinook salmon (Heath et al. 
1991, 1994, 1996, 2002), the non-additive genetic component underlying jacking has not 
been studied. Thus, the aim of this chapter was not only to examine the relative body size 
of jack, hooknose, and female Chinook salmon offspring prior to sexual maturation of 
jacks, but the main objective was to use a full-factorial breeding design to examine the 
genetic architecture (both additive and non-additive effects) underlying jacking in 
Chinook salmon using all hooknose sires (in order to eliminate the large sire effect that 
exists when both jack and hooknose sires are used).  
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 I found that jack offspring resulting from the full-factorial cross had a larger body 
size than hooknose males and females starting at one year post-fertilization (at which 
point hooknose males and females were not significantly different in body size), and that 
all three life histories had significantly different body sizes prior to sexual maturation of 
jacks (19 months post-fertilization), where jacks were the largest. I found no dam, sire, or 
interaction effects underlying jacking rate in these individuals. The phenotypic variance 
of both jacking rate and male-specific jacking rate was explained by negative maternal, 
12% additive, and 0% non-additive effects. Significant differences in jacing rate amongst 
families was dependent upon parents originating from both high and low broodstock 
performance lines (an equal number of dams and sires were used from each line) that 
were maintained via a marker-assisted broodstock program that selected for growth and 
survival related traits (individuals within the high performance line were selected for 
increased body size as well as increased disease resistance). Dams within the full-
factorial cross that originated from the low performance line produced families with 
significantly higher jacking rates compared with dams from the high performance line 
(the performance line of sires did not have a significant effect on jacking rates). 
  Previous studies in Chinook salmon have demonstrated a low maternal 
contribution and a higher additive genetic contribution (or contribution of the sire) to 
both jacking rate and offspring growth (Heath et al. 1994, 1999, 2002; Garant et al. 2003; 
Eilertsen et al. 2009). The results of our study also demonstrated a low maternal 
contribution, where we found a negative maternal component underlying jacking. The 
additive component underlying jacking in this study explained 12% of the phenotypic 
variance; the largest percentage compared with maternal and non-additive effects. The 
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additive genetic component in this study may have been underestimated due to the fact 
that only hooknose sires were used (Silverstein and Hershberger 2002), and might have 
been much higher if jack sires were also used within the full-factorial cross. Dams from 
the low performance line within our study produced significantly more jack offspring, 
which explained most of the variation in jacking observed in this study. There are two 
possible explanations: firstly, it is possible that these females differed in their physiology, 
and in particular, their egg quality (e.g. lipid or carotenoid content of the eggs), which 
ultimately could have impacted offspring growth and early maturation rates; secondly, it 
is possible that the pedigree of dams and sires used within this study impacted jacking 
rates, because many jacks were used in order to maintain the low performance line 
(individuals within this line often did not survive until maturation)—whereas hooknose 
descendants from this line probably did not carry jacking genes, females may have 
carried these genes without expressing them, which ultimately could influence the 
jacking rates of their offspring. However, the egg quality and pedigree of dams 
originating from these performance lines has not been studied.  
 This chapter provides novel information regarding the genetic architecture 
underlying jacking in Chinook salmon, but also provides opportunities for future studies 
to build upon the results of this chapter. Studies regarding the effect of dams and sires 
from high and low Chinook salmon broodstock performance lines on offspring are 
limited to a study by Falica et al. (2013), which found that paternal performance line had 
a significant effect on offspring performance traits such as swimming speed.  The egg 
quality of females originating from performance lines may shed light on the results of this 
chapter’s findings; if females within the low performance line have poorer quality eggs 
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compared with females from high performance line, then this could potentially explain 
the differential jacking rates we observed (Berejikian et al. 2011). Egg size has been 
positively correlated with both body size at emergence and growth rates within the first 
few weeks of life in salmonids (Einum and Fleming 2000), but these effects dissipate 
over time (Heath et al. 1999), and in Berejikian et al. (2011), egg size was negatively 
correlated with body size in juvenile Chinook salmon offspring sired by jacks and 
hooknoses. Similar results have been reported by Gilbey et al. (2009). Aside from egg 
quality in females, the pedigree of performance lines must be examined further in order 
to fully understand the results of this chapter, and should be included within models as 
this may account for most of the variation in jacking rate observed within these families. 
It may be beneficial to conduct a future study where all parents within the full-factorial 
cross are descendant from the same genetic line. This would allow the genetic 
architecture to be characterized without most of the variation being described by parents 
from differential genetic lines and may give a result that is typical in a situation where 
breeding individuals are all from the same population. As well, these results should be 
compared with a full-factorial cross that includes jack-sired individuals, as this would 
yield different results with regards to the genetic contribution of the sire and additive 
genetic effects. Although the findings of this chapter warrant further study, and the 
source of increased jacking rates within the families of low performance dams must be 
determined in future studies, the results of this chapter have implications for the 
aquaculture industry and for the field of research in alternative reproductive tactics. The 
results of this chapter demonstrate that in the absence of jack sires, the strong sire effect 
that results when both jack and hooknose sires are used is no longer observed. As well, 
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knowing the maternal genetic quality (i.e., low performance vs. high performance in the 
current study) has an effect on the number of jacks produced is useful information for 
hatchery breeding programs; because jacks sexually mature at a smaller size and have 
poor flesh quality due to maturation, aquaculture farms cannot profit from these 
individuals although they have invested resources in raising them. It may be important to 
consider maternal genetics as well as egg quality when carrying out breeding regimes, as 
this may have an impact on jacking rates even when precocious sires are not used in 
crosses. Even though the rearing environment and sire of offspring in this study were all 
kept constant, we still observed considerably higher jacking rates within families with 
dams from a low performance line. Thus, this may be another factor to consider (beyond 
rearing environment and sire identity) when carrying out breeding regimes to reduce the 
proportion of jack offspring produced.  
4.3 Chapter 3 !
 Alternative reproductive tactics (ARTs) are common in fish, particularly in 
salmonids, and often develop according to relative growth rates (Taborsky 2008). Growth 
rate and the production of jacks in Chinook salmon are known to be influenced by both 
genetics as well as environment (Berejikian et al. 2011; Heath et al. 1994, 2002). A 
potential mechanism underlying increased growth in Chinook salmon (that could lead to 
early maturation) may be an individual’s aggression; increased aggression is known to 
allow individuals to gain a greater share of food resources compared with less aggressive 
individuals (Wong et al. 2008, MacLean and Metcalfe 2001), which leads to increased 
growth (Huntingford et al. 1990). Because jack-sired individuals grow at a faster rate 
than hooknose-sired individuals (Berejikian et al. 2011), and increased aggression has 
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been observed in sexually maturing jacks (Heath 1992), it is possible that increased 
growth is affected by an interaction between sire ART and aggression. Additionally, it is 
possible that an individual’s rearing environment has an effect on growth or aggression 
levels. Costly interactions amongst individuals due to competition for resources can 
affect animal behaviour (Bergmuller and Taborsky 2010). Thus, it is possible that 
individuals forced to compete over a limited resource may become more aggressive to 
gain access to a limited resource, or alternatively, decrease aggression to maximize 
survival under these conditions (Nicieza and Metcalfe 1999), ultimately having an effect 
on the growth rates of highly aggressive and less aggressive individuals (Rubenstein 
1981). Thus, the objective of this chapter was to examine whether sire ART and rearing 
environment have an impact on growth and aggression. Further, this chapter aimed to 
examine the effect of aggression on feeding success, which may have an impact on 
growth rate (and potentially sexual maturation). 
  I found that high- and low-competition rearing environments (maintained by 
manipulating food availability) influenced the growth of individuals, where individuals 
that were fed a growth-promoting ration experienced increased growth and achieved a 
larger body size. Sire tactic also influenced growth, where jack-sired families exhibited a 
larger variation in body size compared with hooknose-sired families. Rearing 
environment directly and indirectly influenced the aggression of individuals, where 
individuals that were fed a growth-promoting ration and came from a split-family with a 
higher growth rate exhibited increased aggression. As well, sire ART had an effect on 
innate aggression (aggression not influenced by hunger or food availability), where jack-
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sired individuals were more innately aggressive. Ultimately, I found that rearing 
environment, growth, and aggression influenced the feeding success of offspring.   
 The social conflict experienced by individuals that received a rationed diet did not 
cause these individuals to increase their aggression, rather these individuals avoided 
aggressive interactions (showed lowered aggression compared with individuals raised on 
a growth-promotion diet), possibly to maximize survival (Nicieza and Metcalfe 1999). 
Individuals that were fed a growth-promoting ration exhibited increased aggression, 
which may be explained by their relative intake and thus increased growth rates 
compared with those raised in high competition environments. Relative body size had a 
significant effect on aggression in this study, where individuals that were largest relative 
to competitors were more aggressive on average. Sire type had an effect on aggression, 
but only before feeding (not during or after feeding, when aggression affected feeding 
success). Aggression during this observation period can be seen as more of an “innate” 
aggression, thus jack-sired individuals in this study may be more innately aggressive 
compared with hooknose-sired individuals. The fact that these individuals are more 
innately aggressive, but not the most aggressive during feeding, may be explained by 
relative body sizes and phenology; in Chinook salmon, offspring that become jacks may 
not reach a relatively larger body size compared with hooknose males and females until 
one year post-fertilization at the earliest (Heath et al. 1991, 1996; Chapter 2). Once an 
individual has committed to adopting an ART, the growth rates of individuals that 
precociously sexually mature should increase relative to other individuals within their 
cohort; thus, the results of this study may be different when scoring behaviour later on in 
development during the saltwater rearing stage.  
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 This chapter provides novel information regarding the effect of rearing 
environment and sire ART on growth, aggression, and ultimately feeding success of 
Chinook salmon offspring and has important implications for the field of research in 
ARTs and for the aquaculture industry. As well, this chapter has important implications 
for future studies that can build upon these novel research findings. This chapter’s study 
did not include jacking rates of offspring (or the proportion of males and females), 
although these individuals were tagged, fin-clipped for sex identification, and are being 
raised in saltwater to follow their progress to sexual maturation. A future study will be 
able to link the aggression and feeding behaviours observed in this study with the jacking 
rates observed in these offspring. It would also be worthwhile to examine the aggression 
of offspring during the saltwater rearing stage to compare aggression of individuals 
throughout ontogeny; perhaps jack-sired individuals that were more innately aggressive 
in this study, but not more aggressive during feeding, would exhibit increased aggression 
during feeding if their behaviour was measured one year post-fertilization or later, prior 
to sexual maturation of jacks. As well, future studies may examine the effect of rearing 
environment during different stages in ontogeny; here, we found that experimentally 
manipulating rearing environments during the freshwater stage had an effect on growth 
and aggression, and thus feeding success. It is possible that saltwater rearing 
environments also influence growth and behaviour. In a future study, if individuals were 
raised in differential rearing environments during the freshwater rearing stage, but in the 
opposite experimental rearing environment when transferred to the saltwater rearing 
stage, we might gain more insight into the effect of rearing environment during different 
stages throughout development and the time-frame during which environmental effects 
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can influence growth and early maturation. Further, it would be of interest to measure the 
hormone levels of individuals as well as their behaviour throughout development in order 
to determine whether the behavioural tendencies of individuals have proximate causes; 
jacks are known to exhibit increased growth hormone as well as testosterone and T3 
levels prior to their sexual maturation (Heath et al. 1996), and this may be causing 
increased aggression in these individuals. It would also be of interest to further explore 
the differences in innate and feeding aggression of individuals, and how aggression 
during these periods changes throughout development. Individuals that become jacks 
may remain innately aggressive but never exhibit increased aggression during feeding; 
perhaps their increased innate aggression allows them to establish favourable feeding 
positions, which allow them to acquire increased access to food without increasing 
aggression during feeding. In terms of practical applications, these results may have 
implications for the aquaculture industry; jacks cannot be used for profit by aquaculture 
facilities although resources are invested in raising these individuals. Often, practices are 
put into place that will optimize growth rates to reduce jacking rates (Larsen et al. 2004), 
however, little is known about the interaction between rearing environments that cause 
increased growth and individuals that are sired by jacks (which are used within hatchery 
broodstocks). Future studies that build upon this chapter’s findings may allow 
aquaculture practices to become more efficient at reducing the number of jacks in order 
to increase profit. For instance, if the innately aggressive jack-sired individuals in this 
study are in fact more likely to become jacks, individuals that are highly aggressive as 
juveniles even in the absence of food (not during feeding bouts) may be removed from 
aquaculture facilities, as these individuals are more innately aggressive and may be likely 
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to become jacks. Further, if individuals fed a growth-promoting ration that are highly 
aggressive are more likely to become jacks, perhaps feeding levels can be optimized in 
order to maintain survival of individuals while promoting individuals to avoid aggressive 
interactions.  
4.4 Conclusions !
 My thesis examined, for the first time, the non-additive effects underlying jacking 
rate as well as the joint effects of sire ART and rearing environment on growth rates in an 
attempt to elucidate a possible behavioural mechanism behind differential growth rates, 
and hence early sexual maturation, in Chinook salmon. Together, my results contribute to 
existing knowledge as well as provide novel information regarding the genetic 
architecture underlying jacking rate and specific mechanisms (i.e., genetic, 
environmental, and behavioural factors) underlying differential growth rates in Chinook 
salmon, which have an effect on ARTs. Further research regarding broodstock 
performance lines, and in particular, whether individuals within these lines have been 
selected to develop certain physiological traits (such as egg quality) or carry genes that 
influence early maturation (“jacking” genes) is necessary. As well, further studies 
investigating the behaviour of offspring sired by ARTs throughout ontogeny, and the 
growth and ART that these offspring ultimately adopt, are warranted. Thus, the results of 
my thesis have important implications for future research in the field of ARTs and 
differential growth in Chinook salmon as well as implications for the aquaculture 
industry, where putting practices into place in order to reduce the number of jacks would 
increase profit.  
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Appendix B: Pacific Salmon Feeding Chart  
 
 
 
 
 
Feeding'Rate'Guide'for'
Pacific'Salmon'' ! ! ! ! ! ! ! ! !
! ! ! ! ! ! ! ! ! ! ! !
Feed!Size! !! #00! #1! #2! 1!mm! 2!mm! 3.5!mm! 5!mm! 6.5!mm! 8.5!mm! 8.5!mm!
Fish!Size!gms! !!
.12!to!
.30! .3!to.8! .8!to!2! 2!to!10! 10!to!50!
50!to!
300!
300!to!
600!
600!to!
1500!
1500!to!
2500! 2500!+!
!! Feeding!Rate!as!%!body!weight!per!day!
Temperature!
C! 4! 1.9! 1.5! 1.4! 1.3! 1.2! 1.0! 0.6! 0.5! 0.4! 0.3!
!! 5! 2.0! 1.6! 1.5! 1.4! 1.3! 1.1! 0.7! 0.6! 0.5! 0.4!
!! 6! 2.1! 1.7! 1.6! 1.5! 1.3! 1.1! 0.7! 0.6! 0.5! 0.4!
!! 7! 2.2! 1.9! 1.7! 1.6! 1.3! 1.1! 0.8! 0.7! 0.5! 0.4!
!! 8! 2.4! 2.1! 1.8! 1.6! 1.4! 1.1! 0.8! 0.7! 0.6! 0.5!
!! 9! 2.6! 2.4! 1.9! 1.7! 1.5! 1.2! 0.9! 0.8! 0.6! 0.5!
!! 10! 2.8! 2.6! 2.0! 1.8! 1.5! 1.2! 0.9! 0.8! 0.7! 0.6!
!! 11! 2.9! 2.8! 2.2! 2.0! 1.6! 1.3! 1.0! 0.9! 0.8! 0.7!
!! 12! 3.1! 3.0! 2.4! 2.2! 1.6! 1.3! 1.0! 1.0! 0.9! 0.8!
!! 13! 3.3! 3.2! 2.6! 2.4! 1.7! 1.4! 1.2! 1.1! 0.9! 0.8!
!! 14! 3.5! 3.4! 2.8! 2.6! 1.7! 1.4! 1.3! 1.1! 1.0! 0.9!
!! 15! 3.6! 3.5! 3.0! 2.7! 1.7! 1.5! 1.4! 1.2! 1.0! 0.9!
!! 16! 3.0! 3.0! 2.5! 2.3! 1.6! 1.3! 1.2! 1.0! 0.8! 0.7!
! ! ! ! ! ! ! ! ! ! ! !
Feeding!rate!as!percent!
body!weight!per!day.! ! ! ! ! ! ! ! ! !
Feeding!rates!are!quite!variable!depending!on!species,!temperature,!water!conditions!(CO2,!pH,!
salinity,!nitrite!levels,!etc.),!oxygen!saturation!and!stress.! ! !!
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